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Abstract
An ionospheric topside sounder is a high frequency radar system that is located above the ionosphere, 
ideally on-board a polar orbiting satellite to provide global coverage. The previous eight satellite 
sounders have measured the critical frequency of the F2 ionosphere region using traditional swept 
frequency methods. The most expensive part of these missions however is considered to be the large 
network of ground support stations required for collecting and processing data.
This information has been invaluable in improving our global understanding of the upper ionosphere 
and the accuracy of critical frequency maps used by HF radio engineers to calculate communications 
routes and the optimum frequencies for early warning OTFI radars.
A new technique for the direct detection of critical frequency has been developed, which is called the 
‘Dispersion Method’. Real data from previous sounders is used in the development and verification 
of this method. This sounder will not only provide traditional Ionograms but detects critical frequency 
and spread echoes directly from the dispersion of a returning radar pulse. This new method does not 
use traditional Ionograms with their inherent processing complexity and is an order faster than any 
previous sounder. The ‘Dispersion Method’ therefore resolves the problems encountered with the 
past topside sounder missions and produces large quantities of real time data autonomously when 
required.
Previous sounding satellites had little memory capacity, no on-board processing capability, required 
large antennas and transmitters on satellites with a mass of between 150 and 250 kg. This meant 
power requirements of about 60 watts per orbit average. A feasibility study to place a third 
generation topside sounder into low-Earth orbit on a 50 kg microsatellite with an orbit average power 
capacity of only 20 watts has been successfully completed.
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This chapter introduces the motivation behind the research into topside sounding as a means of 
improving critical frequency mapping. The research aims and objectives are set out along with the 
UoSAT microsatellite platform for the proposed topside sounder payload.
There is a brief introduction to the ionospheric medium and its various features including the F2 layer 
that this advanced radar payload is designed to probe. Included is a typical critical frequency map 
which is the output that the user sees.
A full literature survey of past topside sounders and other proposals is included with a classification 
by the author partitioning the sounders according to their evolutionary state of complexity. This then 
leads on to the proposal for measuring critical frequency using a new technique developed in this 
thesis called the ‘dispersion method’.
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Introduction
1.1. Introduction, M otivation, a im s a n d  o b jec tives
1.1.1. Introduction
High frequency radio waves are reflected, and absorbed as they pass through each ionospheric layer 
which surrounds the Earth. For long distance communications around the world it is necessary to 
know the critical frequency (foF2) of the upper F2 region of the ionosphere. This is the highest 
frequency for which vertical radio waves are no longer reflected but pass through and escape into 
space. However oblique waves at non vertical angles can propagate typically at frequencies of 
around three times the critical frequency (foF2). At present there are no sounders giving critical 
frequencies for the F2 layer over the whole globe in spite of the importance to short wave 
communications, broadcasting and over the horizon (OTH) radar.
Thus there is a strong and growing interest from the scientific community to gain a greater 
understanding of the ionospheric ‘weather’ to provide improved forecasting for shortwave propagation 
and also satellite communications and radar at higher than shortwave frequencies. Research into 
uneven ionospheric ionisation such as spread-F from the topside is also of particular interest to those 
who plan the future availability of satellite communications on low power, low orbit, high frequency 
personal mobile communications.
Unlike the lower ionosphere the F2 region is unpredictable being heavily influenced by hourly 
changes in sunspot activity and the magnetic influence of our planet. Ground based vertical sweep 
sounding radar operating up to a frequency of 20MHz is used to measure the F2 critical frequency. 
A large number of ground stations make up a world wide network that produce a data base, from 
which critical frequency maps are produced. The main problem with these maps is that they have 
been shown to be inaccurate. This is due to the extrapolation of data over oceanic regions, and areas 
that have no bottom side sounders.
In the past ‘topside sounder’ satellite missions provided global coverage for the production of 
‘ionograms’ similar to those obtained from ground based sounders. The sounder frequency and delay 
time was transmitted directly to the ground from the satellite to produce these ‘pictures’. These 
pictures were then manually processed to obtain the critical frequency as observed from the sounder. 
Each orbit of data typically produces some 100 to 400 ionograms. To process all the data for many 
years of continuous operation using traditional methods is even more expensive than providing the 
satellite itself.
The full motivation for this research, along with its aims and objectives are set out in this first section.
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1.1.2. Motivation
The main motivation for this project is the inaccuracy of existing global foF2 maps.
In a report by Hughes [1991] for the CCIR he concludes that “in the face of expanding world wide 
radio communications'4 propagation “requires dedicated studies and long term measurements”. He 
comments that the UCCIR propagation prediction lacks universal acceptability in the low latitude and 
tropical areas where there is a shortage of measurements
Rush [1984] suggests that the CCIR foF2 maps are inaccurate over oceanic areas when checked 
against the ISS II satellite data. The CCIR only used data that was extrapolated from ground based 
data and he noted that some critical frequency coefficients were calculated to be impossible 
“negative” values and were therefore given a nominal positive value of 0.7 MHz.
In a later ICAP conference, Bradley [1993] as a member of the URSI working group G5 commented 
that the CCIR foF2 maps were produced from data collected in 1954 - 1958 and 1964, and are still in 
use today. The URSI maps, developed from data produced as late as 1984 using satellite as well as 
ground based data, is generally considered to be more accurate. Rush [1989] under the auspices of 
URSI and using satellite data from ISS-b observed large discrepancies with both maps. His 
conclusion was that “observing the structure of the ionosphere above the oceans on a routine basis 
and improving the model of the F2 region can only help to achieve a better representation of the foF2 
on a global scale
The international SUNDIAL campaign of 1984 and 1987 were launched over a ten day period to 
improve the IRI ionospheric model. Results from the last topside sounder, the Russian COSMOS 
1809 satellite and numerous International ground based systems were compared. Szuszczewicz 
[1993] from the Laboratory for Atmospheric and Space Sciences of the USA commented that the 
greatest agreement was over the European area, where it was noted that the IRI collected most of its 
ionosonde data. Differences up to 40% in error of foF2 values were found in other areas. 
Anomalies in the density profile (NeZ) were found and pointed to an overall inaccuracy in the height 
(hmF2) for the model. The most serious errors were found in the high latitude Auroral areas.
The 1990 CCIR report 430-5 “Improvement in the world-wide observing programme for numerical 
mapping purposes” recommends that topside sounding data could provide possible improvements in 
ionospheric predictions.
In conclusion it is observed that the foF2 model is inaccurate at both the high and low latitudes, in 
tropical areas and over the Earth’s oceans.
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1.1.3. Research aims and objectives
The aim of this research is to study the effect on pulses reflected from the topside ionosphere with the 
aim of developing an advanced autonomous topside sounder that can operate on a cost effective 
microsatellite.
Although the cost can be considerably reduced using a smaller 50 kg microsatellite, it will be seen in 
sections 2.7.8. and 7.2.1. that the main savings are to be found in processing foF2 directly into files on 
the satellite and also processing ionograms directly into electron density profiles. It is the direct 
reading and processing of critical frequency data into files on the satellite that falls within the scope of 
this research.
After a thorough investigation into previous topside sounding missions (section 1.4.) where extensive 
global ground support was normal, the feasibility of autonomous operation, data storage and 
processing on a microsatellite will be explored (section 2.7.).
The effect of ionospheric distortions on radar pulses will be simulated (section 4.3. and 4.4.). From 
the results new techniques will be explored for measuring topside ionospheric characteristics (section
4.5.). More direct measurement methods will result in a saving on satellite processor time and the 
ground support that was required when using the traditional method of processing ionograms.
In an attempt to validate this method an analysis of NASA topside data has been undertaken. In 
estimating the scattering area of the topside the limits of any new technique are obtained (section
5.2.). Digital data from the Eiscat vertical ionosonde based in Tromso Norway is used to validate 
the simulations (section 5.3.).
In this thesis it is assumed that pre-processing of radar data on board the satellite will be required prior 
to extracting ionograms. A major part of this pre-processing procedure is the separation and tagging 
of the ‘O’ and ‘X’ wave signals as they are detected. A method using left and right hand circularly 
polarised antennas is suggested (section 3.2.1, 4.5.2.1 and 6.6.3.) and a basic system design 
undertaken (chapter 6) incorporating these ideas.
In conclusion this research has covered :
•  A complete review of past topside sounding missions.
• A feasibility study to ensure that topside sounding on a microsatellite is possible.
• A method of pre-processing and separating the returning ‘O’ and ‘X ’ waves.
• Development of a novel ‘dispersion method’ for measuring foF2.
• Validation of the method using simulations, NASA topside data, and ground based ionosonde data.
•  A basic system design for a cost effective topside sounding radar payload for a microsatellite.
The thrust of this research is that provision of a high performance topside sounder is of great 
importance for long distance communications, OTH radar and the understanding of ionospheric
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weather. By making the proposed satellite borne sounder as flexible and versatile as possible within 
cost constraints it can be used as a re-configurable laboratory in space for as yet undefined further 
research such as a satellite borne imaging radar.
1.2 The U oSA T m icrosa tellite
Over the past 15 years the Centre for Satellite Engineering Research at the University of Surrey 
Satellite (UoSAT) group and Surrey Satellite Technology Ltd (SSTL) have developed and launched a 
series of 12, low-cost yet sophisticated 50 kg microsatellites. These have provided high capability, 
reliability and performance. These micro-satellites have been successfully used for communications, 
Earth observation and space science [Sweeting 1992].
Figure 1-1 ‘Exploded’ view of SSTL microsatellite (From Sweeting 1992)
An “exploded” view of the SSTL modular microsatellite platform is shown in figure 1-1. It is made 
up of aluminium machined trays that contain (from Earth facet) the satellites batteries, transmitters, 
receivers, DSP unit, modulators/demodulators, telecommand, onboard computers, RAMdisk, attitude 
control, and payloads. Many of these electronic modules are standard from mission to mission, 
although continually upgraded. The bus connections along one side also contains several local area 
networks with up to 30 independent microcontrollers embedded in the hardware. The base contains 
the attach fitting, antennas, and cameras (if fitted). The top sky pointing section typically contains 
sun, horizon sensors along with magnetometers and a deployable gravity gradient boom. The
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remaining four faces contain the solar panels and magnetorquers to provide accurate Earth pointing 
and controlled spin. This construction provides a very low cost, (typically £2M for a LEO mission) 
and a rapid means o f getting a payload into space.
FaSAT is one o f the latest microsatellites to be launched by Surrey and is shown in figure 1-2 with the 
six meter gravity gradient boom deployed (boom is not to scale).
Figure 1-2 FaSAT with gravity gradient boom deployed.
With an average o f two microsatellites launched every year since 1990, UoSAT / SSTL microsatellite 
technology has evolved to include advanced features that would enhance a microsatellite topside 
sounder payload. These include:
• 386 / Transputer on-board processing - independent controllers embedded into each section of the 
payload are connected via a LAN to the main 386 computer which will enable fast, flexible control of 
the DDS (Direct Digital Synthesiser), AATU (Automatic Antenna Tuning Unit) and demodulators 
(see chapter 6).
• up-loadable multi-tasking real-time software - not only will the sounder be able to follow pre­
programmed tasks, but it can be modified from the ground to enhance experimental flexibility. Raw 
data can be down loaded and processed on the ground. The algorithms can then be uploaded to the 
satellite for instant processing of the sounder’s data.
• DSP and data compression - To enhance the capabilities of the sounder the DDS can be programmed 
to produce phase and/or amplitude modulation of a short or long coded pulse type radar. The 
UoSAT DSP unit can then be used to process the received signals using advanced radar techniques.
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• 250 Mbyte solid-state RAM mass data storage - This along with the advanced processing facilities of 
the UoSAT platform will overcome the expensive problem of multiple ground based processing and 
handling of the data.
• autonomous GPS navigation - As no ground based radar is required to obtain the satellites position, 
accurate and instant location can be tagged to any recorded data.
• S-band or UHF down links - For large quantities of raw unprocessed data, an S-band downlink with a 
1 Mbps data rate should be used. The narrower UHF link would enable reception of processed data 
by anyone with suitable software and a cheap antenna-receiver-modem-PC system.
In conclusion the use o f modular construction on a modem microsatellite combined with the latest 
electronic design and software makes it an ideal platform for a cost effective topside sounder. The 
feasibility study in chapter two will show that even with the power restrictions o f  this tiny satellite the 
size o f  a two draw filing cabinet it is possible to provide continuous global coverage o f  the 
ionosphere.
1.3 The Ionosphere
The atmosphere contains oxygen, nitrogen, helium and hydrogen. These are at different densities at 
different heights, the separation is dependent on the Earth’s gravitational force, and the weight o f  the 
gases. As the suns rays and the cosmos interacts on these gases so the layers will be at different 
temperatures. Photons attach themselves to the atoms in the ionosphere removing an electron, 
leaving behind a heavy positive ion, and thus ionisation takes place. It is this ionised atmosphere 
that is called the ‘ionosphere’ although it is the electrons not the ions which are o f  interest.
1.3.1. Electron density profile
Radio waves are reflected, and absorbed as they pass through each ionospheric layer, the amount and 
effect depending on the frequency o f the wave, and the density o f the ionised medium in which the 
waves travel. Radio waves passing through the ionosphere cause the electrons to oscillate at the same 
frequency. If the electron density is high then these new vibrations cause reflection o f the original 
wave (see section 3.2.). There are also neutral particles in the ionosphere that will absorb some o f  
this reflection, and if  the density o f  these neutral particles is high, then total absorption takes place.
In figure 1-3 a diagram o f the electron density profile for day, night and different seasonal variations 
is reproduced. On this diagram the F2 region is at 350 km down to the D region at 60 km.
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Figure 1-3 Electron density above the Earth
1.3.2. Ionospheric regions
The ionosphere is made up o f regions (figure 1-4). These regions are denoted by letters D - F, and 
each region, layer, cloud or shelf, has different characteristics.
Figure 1-4 The ionospheric layers shown in their day and night formation
D Layer - region lies at approximately 50 - 90 km above the earth, and is only present during daylight 
hours. The electron density in this region is low, and absorbs High Frequency radio waves. 
Generally the extreme ultra violet (EUV) and X rays from the sun do not penetrate as far as the lower
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ionosphere, and the bottom o f the D region is ionised from fast moving positively charged particles 
from within the cosmos. This region reflects radio waves at only very low frequencies above about 
300 kHz. The effect can be noticed during night time as long distance Long wave stations disappear.
Sporadic E - Sporadic E is not a layer or region, but appears as a cloud, about 1 km deep, at an 
altitude o f 100 kilometres above the Earth. Although this cloud o f ionised gas appears frequently at 
mid latitude locations, at midday and at summertime, it cannot be reliably predicted. They 
occasionally occur during the winter at night. These clouds can be up to 2000 km in radius or as little 
as 70 km. It is most commonly noted when long distance TV stations are received, causing 
interference. Under extreme conditions it can produce communications o f  up to 2000 km on 
frequencies that do not normally propagate by reflection. The effect can last for several hours.
E Layer - Originally the first layer to be discovered and called the Heaviside layer after its discoverer. 
The suffix “E” was later given by Appleton after E for the symbol used for ‘electric vector’. The E 
region is at an altitude o f between 90 to 125 km.
FI Layer - The FI region is at an altitude o f  between 180 to 210 km. It is only present during the 
day time.
F2 Layer - This region is the most important from the point o f view o f HF sky wave propagation, and 
also has the highest electron density concentration. The F2 regions height is at an altitude o f  
between 150 to 300 km during the winter and 250 to 350 during the summer above the Earth. It has 
been known to reach altitudes o f up to 500 km. There are two main problems with predicting F2 
propagation characteristics:
• The height varies unpredictably by as much as 100 km.
• This region also has considerable anomalies that are not accountable by solar or magnetospheric 
influences.
Most regions o f  the ionosphere can be modelled by observing “sunspot numbers”. These observations 
are related to the number o f  visible eruptions on the surface o f the Sun. The upper F2 region though 
is not easily predicted or mathematically modelled, and values for this regions critical frequency 
(foF2) vary over the whole globe and need to be measured and mapped.
1.3.3. Critical frequency mapping.
Long distance propagation o f radio waves in the HF Band takes place by reflections from the upper 
F2 ionospheric layer, and the ground. This sky wave is reflected by mirror like ionospheric regions 
at frequencies below the maximum usable frequency (Fmuf). This MUF can be derived from the F2
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layers “critical frequency” (foF2) using trigonometry. The maximum usable frequency for a signal 
to be propagated o ff an ionospheric region is : Fmuf = f°F2 / sin x 1.1
Where x is the take o ff angle from the ground horizontal and foF2 is the critical frequency.
Maps o f critical frequency are produced using both ground based, and more recently satellite based 
measurements. One such Local Time (LT) map o f foF2 is shown in figure 1-5. This is at 00 LT in 
June during a solar maximum.
1.4 Topside so u n d in g  literature review
1.4.1 Introduction
Historically the ionospheric topside sounder was an analogue, pulsed, swept frequency HF radar 
system. These satellite payloads have operated between 0.1 and 20 MHz sweeping every 8 to 64 
seconds for about 8 to 16 seconds. Many space craft have had elliptical near-polar orbits so that they 
could take direct measurements in the ionosphere using instruments such as ion mass spectrometers, 
Langmuir probes, magnetometers, plasma wave detectors, electric field probes, ion drift meters and
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high energy particle detectors [Florida 1969]. Later sounders had their frequency controlled digitally 
with satellites placed in circular near-polar orbits some 1000 km above the Earth to orbit 
approximately once every 100 minutes to provide global coverage. The main difference between 
sounding from the ground and the topside sounder is that above the ionosphere the sounder antennas 
are immersed in a plasma. This is interesting since the sounder induces resonances in the plasma 
whilst transmitting, and enables the physics o f  the upper ionosphere to be understood. But at the 
same time this means that the ionospheric layers cannot be observed or measured where they are 
masked by the resonances. It is the time-frequency echoes that are returned to the satellite from the 
F2 layer that provide a group delay versus frequency display in the form o f an ionogram (figure 1-6). 
Notice the presence o f strong resonances around 1.0, 1.2, 1.5 MHz. (see also section 3.1)
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Figure 1-6 Digital ISIS 2 Ionogram at 32 ° North 67 °West on 11th November 1971.
1.4.2. Classification of topside sounders
There have been over a dozen satellite sounders launched to date. Pulinets [1989] classified these 
sounders into three family groups : Fixed frequency sounders, relaxation sounders and swept 
frequency sounders. The last classification we have subdivided into three generations o f sounders.
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1.4.2.1. Fixed frequency sounders
The first group included the fixed frequency sounder Explorer XX also called ‘Topsi’. The launch 
of Topsi was delayed until 1964, thus after Alouette, by NASA and placed into an orbit of 950 km. 
The satellite also carried a plasma probe payload developed in the United Kingdom at the University 
of London. The satellite had a mass of 44 kg which meant that it fell into the microsatellite class of 
between 10 and 100 kg. Calvert et al. [1964] gives a full specification for the satellite, which worked 
on six frequencies logarithmically spaced from 1.5 MHz to the expected equatorial maximum critical 
frequency of 7.22 MHz. Interestingly a sounder peak pulse power output as low as 8-45 watts was 
used, Russell and Zimmer [1969]. They indicated that the transmitter was matched into two dipoles 
19m and 37.1m tip-to-tip. Good results were obtained.
A similar satellite designated Cosmos 381 was launched in 1970 by the Russians. These were both 
proof of concept satellites following on from rocket sounders. Eventually the swept frequency 
sounder in a satellite was developed with a great advantage of global monitoring of the ionosphere. 
The Jackson and Warren [1969] study on the history and achievements of topside sounding and 
Warnock’s [1969] study of sideband structure pointed out that the spatial resolution of the fixed 
frequency sounder was better in practice than the spatial resolution of the swept frequency sounder. 
Both showed that the Explorer XX satellite was able to detect ionospheric structural irregularities in 
greater detail than any other class of ionospheric sounding satellite at that time.
1.4.2.2. Relaxation sounders
The second group contained the EXOS-B & C and ISEE 1 & 2 satellites and are classified as 
‘relaxation sounders’. They have low power transmitters with the scientific purpose of stimulating 
plasma waves. The satellite EXOS-B launched in 1978 and weighing 70 kg had a very elliptical 
orbit with a perigee of 230 km up to an apogee of 30,050 km and an inclination of 31 degrees in order 
to investigate the magnetosphere and its plasma resonances. Obara and Oya [1994] indicated that 
after launch the satellite was renamed Jikiken meaning “the Magnetosphere”. In the lower orbits it 
produced limited topside ionograms with a swept frequency range of 10 kHz to 3.2 MHz. These 
ionograms showed ducted echoes when the sounder was operating at a high ionospheric altitudes of 
between 3,500 to 5,100 km indicating that for critical frequency measurements lower orbits are 
preferable. EXOS-C was launched in 1984. A special issue of the IEEE Transactions on 
Geoscience Electronics in July 1978 gives details of the International Sun-Earth Explorer (ISEE-1 and 
2). These were launched in 1978 with highly elliptic orbits and with apogees of 23 Earth radii so that 
the plasma resonances of the geomagnetic tail could be explored using a low frequency sounder 
payload.
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1.4.2.3. Swept frequency sounders
The third group of sounders comprises seven satellites : AIouette-1 (1962), Alouette-2 (1965),
ISIS-1 (1969), ISIS-2 (1971), ISS-b (1978), Interkosmos-19 (1979) and Cosmos-1809 (1986). All 
these systematically produced swept frequency information on a global scale. Further classification of 
these seven satellites into three groups of satellites is proposed:
• Those with no on board data storage capacity.
• Those with limited data storage and experimental flexibility.
•  A new generation that is capable of large data storage/processing and payload flexibility.
A special journal issue of the Proceedings of the IEEE Volume 57 Number 6 June 1969 was published 
that contained many papers covering the Alouette and ISIS satellites. Also an Internet site provided 
by the National Space Science Data Centre at NASA gives details about the Alouette, ISIS [NASA 
1996a] and ISS-b satellite [NASA 1996b]. Details of ISS-b can also be found at the Japanese NASDA 
site [NASDA 1996].
First Generation sounders
The first generation satellites can be classified as those with no on-board data storage capability. The 
joint USA and Canadian projects Alouette 1 launched in 1962 [Shearman 1963] and Alouette 2 
launched in 1965 [Mar 1969] fall in this category. They all relied on an extensive network of over 
twenty ground stations [Franklin et al. 1969b] to collect data directly from the satellites. Their main 
mission was to generate data for processing into ionograms [Jackson 1969] and then electron density 
profiles by the ground stations [Jackson 1980]. A useful observation by Calvert [1969] was the 
measurement of ionospheric irregularities and Hagg [1969] showed for the first time resonances 
within the ionosphere due to the immersion of the sounder in the plasma. Muldrew [1969] reported 
propagation along magnetic field aligned irregularities from the Northern and Southern Hemispheres. 
It was also possible using the calibrated receiver on Alouette 1 to plot galactic noise [CCIR 1990b] 
averaged over a period of one year. Alouette 2 with improved receiver frequency resolution and 
sensitivity complemented this work and extended the understanding of radio noise within and above 
the ionosphere [Hartz 1969]. Alouette 2 was launched during a time of increasing sunspot activity 
and it was therefore considered that a higher orbit was necessary. This meant an increase in satellite 
power and a decrease in pulse repetition rate [Florida 1969]. Alouette 1 suffered from a loss of spin 
stabilisation and is believed to have gradually progressed towards a gravity gradient stabilisation with 
its long antenna pointing earthwards. It was finally switched off in 1972. The improved Alouette 2 
spacecraft continued to operate for a decade, until the operating time fell from 6 hours to Vt. an hour
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per day. This was due to degradation in the power systems [NASA 1996] which were effected by 
radiation at the higher altitudes.
Second Generation sounders
The second generation are those satellites with data storage capacity, and limited experimental 
control capability. ISIS 1 and 2, again from the same USA/Canadian joint venture, represent this 
second generation. Launched in 1969 & 1971, they contained 4 track tape recorders with 550 meters 
of tape to record telemetry, sounder and VLF information, along with a reference tone & clock. The 
payload consisted of a fixed and swept frequency sounder, VLF receiver, energetic particle 
experiment, Langmuir probes, Ion mass spectrometer, Ion probe and a soft particle spectrometer. 
ISIS II also contained an oxygen red line photometer, auroral scanner and a mixed swept frequency 
sounder mode of operation where the transmitter could be fixed and the receiver swept [Franklin and 
Maclean 1969]. Zuran [1969] gives design details of the 13 antennas used on the satellite along with 
their propagation patterns and interference suppression considerations. After the problems on 
Alouette 1, spin stabilisation and attitude control was incorporated [Florida 1969] using magnetic 
torquing. James [1978] reports on wave propagation experiments at medium frequencies between the 
two ISIS satellites. He observed traces up to several thousand kilometres separation. Muldrew [1983] 
reviewed the effects of irregularities in the auroral zone and main equatorial trough using satellite 
data. ISIS 1 had an elliptical orbit like Alouette 2 reaching an Apogee of approximately 3500 km. 
Pulinets [1989] considered this choice of elliptical orbit to be unsatisfactory for critical frequency 
mapping due to the oblique and ducted traces at the high altitudes especially in the high latitude 
regions making ionogram interpretation complex. He suggested that the optimal height should be 
between 800 - 1000 km. Although both satellites continued to operate up until 1990 no complete 
data base of ionograms are available for mapping purposes as only a small percentage of the original 
analogue tapes have been processed up until now. A restoration project by NASA to digitise some of 
the 12,000 rolls of 35 mm microfilm and 100,000 ISIS analogue telemetry tapes is now underway 
[Benson 1996]. This should give an invaluable resource for increasing understanding of the 
ionosphere over a complete solar cycle.
Later the Japanese ISS-a (Ume) & ISS-b (Ume 2) satellites were launched in 1976 and 1978 with the 
aim to carry out global mapping of noise and critical frequency of the ionosphere to improve the 
efficiency of HF radio communication. No fixed frequency sounder was included in the payload. 
Frequency resolution was coarse at 100 kHz compared to 8 - 33 kHz steps and apparent range 
resolution of 45 km compared to the 14.5 km of the ISIS 2 satellite. Also ISIS 2 sounded every 21 
seconds compared to every 64 seconds of the ISS-b satellite. Direct plasma measurements were also
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taken along with positive ion composition using an Ion mass Spectrometer. No data was received 
from ISS-a as the power systems failed after one month in orbit. Also suggested by Wakai and 
Matuura [1980] was a fast method of automatic detection of the critical frequency, (Top-A). This 
entailed detecting the lowest frequency of interference in the range 0.5 to 15 MHz from the ground 
and then powering up the transmitter to locate the critical frequency. This method failed due to a 
malfunction in the equipment but the Ionogram mode (Top-B) was successful. ISS-b carried enough 
memory for about 1 orbit (115 minutes) and only six hours of data could be collected by the ground 
station every day and so much of the available data was lost. Even with this limited data it took nearly 
4 months to build up one local time (LT) foF2 map of the Earth. This meant that some of the changes 
within the ionosphere would be lost due to seasonal averaging [Benkova et al. 1990]. Even so 
Bradley and Dick [1993] considered the satellite data sets to be useful for the global testing of ground 
based critical frequency maps. Another use for the data was to produce global maps of spread-F, 
which were confirmed by ground based measurements.
The last two successful topside sounders, Interkosmos-19 (IK-19) launched in 1979 and Cosmos- 
1809 launched in 1986 used the same IS338 Soviet sounder payload. The IS338 used a synthesiser 
for frequency control and a 15 kHz data sampling rate. The results from these two sounders have 
been collected by the Russian Institute of Terrestrial Magnetism, Ionosphere and Radiowave 
Propagation (IZMIRAN). IK-19 (1979-82) carried a computer to process data, having enough 
memory to record information from about 10 orbits (16 hours) of ionograms recorded once every 64 
seconds [Benkova et al. 1990], IK-19 also carried a wide band receiver (radio spectrometer IRS-1) 
covering the range of 0.6 MHz to 6 MHz. A method of Ionospheric mapping using natural HF noise 
was developed by Pulinets et al. [1990a] using the IRS-1 and the receiver from the most recent 
satellite the Cosmos-1809. Cosmos-1809 was launched in December 1986 by the former USSR and 
continued to operate until June 1989. Using an improved ionogram coding format soundings every 
32 seconds were recorded for 1.3 orbits (2 hours) [Pulinets 1989]. Pulinets has also suggested a 
network of four to seven satellites for global Universal Time mapping. Avdyushin et al. [1983] 
describes a method called ‘transionospheric sounding5 using the IK-19 satellite and a synchronised 
ground based sounder to observe the ‘window effect’ near the critical frequency. The uses of this 
method are set out in the CCIR [1990c] report 889-2 which suggests it complements conventional 
sounders or can be used in a stand alone mode. Denisenko et al. [1992,1993] used the fact that the 
power of scattered signals is proportional to the level of irregularities. He used topside sounding 
data to map small scale irregularities of 10’s to 100 metres in size. The non-linear effects caused by 
heating the ionosphere using the IS338’s transmitter and satellites antennas immersed in the plasma 
was observed by Pulinets and Seegey [1990b], [Shuiskaya et al. 1990] and [Baranets et al. 1995].
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Another possible use of critical frequency measurements has been found in predicting Earthquakes 
[Depueva and Ruzhin 1995], [Oraevsky et al. 1995]. Pulinets [1991] showed that a normally static 
foF2 changed by as much as 20% 3 days and 60% one day prior to an earthquake around the epicentre. 
In 1994 a solar radio spectrometer SORS-A and a transmitter to complement it were launched into a 
500 km low Earth orbit on a Coronas satellite to check out IZMIRANS processing software. Little 
data was received during the 3 months of operation.
Third Generation sounders
The third generation topside sounding satellite that is proposed in this thesis will have a large on­
board solid state data recorder and be fully configurable and controllable with uploaded software from 
the ground station. Tagging of received ‘O’ and ‘X’ waves along with direct resonance 
measurements will enable processing of data on board the satellite. A novel method is offered for 
measuring foF2 using the “Dispersion Method” (see section 1.5.). This will lead to a very flexible 
and novel payload that can also be configured from the ground to suit possible future missions such as 
the demonstration of HF SAR and Interferometry. This sounder payload is also expected to use no 
more than 10 watts average DC power per orbit with electrically small self-deploying antennas.
I.4.2.4. Other topside sounder proposals
Mathwick et al. [1981] proposed a digital spacecraft ionosonde using ground based Digisonde designs. 
The proposal included detection of ‘O’ and 4X’ waves by tagging right and left hand signals received 
by the satellites antennas. This feature was to enable the on-board processing of ionograms that 
could be sampled as fast as one every 10 seconds [Reinisch and Xueqin 1982]. Peak pulse powers as 
low as 30 watts were suggested.
An HF sounding experiment [James et al. 1987] called WISP/FIF (waves in space plasma) was 
proposed as part of the American space shuttle program. Had it been launched the payload would 
have consisted of a programmable high frequency sounder system (HFSS) with variable parameters 
such as power output up to 500 watts, pulse length, pulse shape, and frequency. Also a variable length 
dipole of up to 300 metres tip to tip was to be included on the shuttle. Also a sub satellite with a 
receive only capability was to be included. The HFSS would have been capable of amplitude and 
doppler measurements similar to Earth based systems along with other plasma experiments.
Project SABRIS (SAteliite Borne Radio Imaging System) an advanced HF SAR and Interferometric 
radar system was suggested in a paper by Underhill and Szajnowski [1994]. This proposal was based 
on the use of two synchronised satellites, one with an active payload and the other passive but
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coherent. This system was suggested for ionospheric research, frequency planning and target 
detection in the topside ionosphere.
Danilikin [1996] explains plans to attach the IS338 Russian topside sounding payload to the MIR 
space station. He indicates various anomalous ionogram plots that have been simulated in conditions 
where the sounder is just above and below the F2 layer.
At present the Phillips laboratories in Boston USA have a collaborative experiment with other 
US agencies to develop and launch a military topside sounder based on the Digisonde design 
[Murand 1997].
1.5 The ‘D ispersion M ethod’
The ‘dispersion method’ is a novel technique that has been developed to track the ‘cusp’ of the topside 
without the need for storing a full ionogram data set. This satellite based sounder is therefore capable 
of direct critical frequency measurement without complex on board processing over the ‘quiet’ areas 
of the topside ionosphere. This is possible where specular reflections are detected from the ‘flat’ and 
‘cusp’ regions of the topside. Other regions could be measured using complex processing techniques 
that have been pioneered on ground based systems. Traditional techniques for critical frequency 
measurement using satellites have required sounders with a full ionogram display at a network of 
ground stations. These ionograms are then interpreted by a trained operator or in some limited cases 
by computers. This new technique is now capable of critical frequency mapping the Earth 
autonomously from a low Earth, near polar orbiting satellite and would require only one ground 
station to maintain the spacecraft and to download the data in a compressed file format.
The ‘dispersion method’ measures pulse time dispersion directly using a coherent Inphase and 
Quadrature detector. A successful method of providing coherence has been simulated using DSP 
techniques. For full automatic implementation a method for detecting the ‘O’ and ‘X’ wave returns 
has been developed using two dipoles that has been adapted from advanced ground based ionosonde 
systems.
This new ‘dispersion method’ is an order faster than previous techniques due to simplified processing 
and shorter frequency sweep. Another advantage is the much lower maintenance costs due to 
minimised ground support.
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1.6 O utline o f  th e s is
This thesis is made up of seven chapters.
This first chapter introduces the motivation behind the research into topside sounding as a means of 
improving critical frequency mapping. The research aims and objectives are set out along with the 
UoSAT microsatellite platform that this topside sounder payload has been developed for.
There is a brief introduction to the ionospheric medium and its various features including the F2 layer 
that this advanced radar payload is probing. Included is a typical critical frequency map which would 
be the output presented to the user.
A full literature survey of past topside sounders and other proposals is included with a classification 
by the author to show the evolution of design. This then leads on to the proposal of measuring critical 
frequency using a new technique developed in this thesis called the ‘dispersion method’.
In the second chapter a feasibility study is developed. This chapter starts with a full investigation of 
previous sounder specifications and any shortcomings in their design is noted. An in depth link 
budget based on a published Alouette study is included and expanded with suggested improvements to 
reduce power requirements.
A change from the traditional two dipole system with crossover network to a system of matched 
phased dipoles is shown to be necessary. This is to implement the ‘O’ and ‘X’ return wave separation 
tagging. Therefore a study is undertaken on electrically short antennas and matching networks 
because of the critical limitation to the link budget at low frequencies.
Data storage, transfer capabilities and power requirements are studied for both traditional and the 
novel ‘dispersion method’.
Chapter three is entitled ‘the topside ionosphere In this chapter the topside Ionogram and its various 
profiles are described. Also the regional variations in spread-F are studied using past research and 
supplemented with new unpublished data. This will give an indication as to the percentage area over 
which the ‘dispersion method’ will work.
Plasma resonances are described along with their relevance to critical frequency measurement.
The distorting effects that the ionosphere has on pulse returns from the topside ionosphere is looked at 
and used as a basis for the simulations in chapter four.
Chapter four, ‘signal theory and simulations ’ , is the main academic focus of this work. This chapter 
expounds the theory of coherent detection using an Inphase and Quadrature detector. It shows that by
1-18
Chapter 1 : Introduction
developing advanced and new DSP techniques that it is possible to maintain coherence in a relatively 
simple detector even though the sounding platform is moving and receives additional pulse returns 
scattered from within a small cone around the vertical.
In this chapter a fast and accurate critical frequency measurement system that is particularly suited for 
topside sounding on a microsatellite is proposed. The techniques employed in the proposed system 
deal with the distorting effects caused by dispersion together with the effects of cosmic noise and the 
polarisation rotation effects caused by the Faraday effect. The novel measurement technique is 
called the ‘Dispersion Method’.
Chapter five verifies that the ‘dispersion method’ works well for a reasonably smooth ionosphere. 
Using digital data from NASA the scattering effect of the topside ionosphere is measured for the first 
time. These results are used to verify the degree that the method will work despite the limiting 
parameters obtained from the simulations in the previous chapter.
Secondly, ground based data is used to test the DSP coherence algorithm. Using this same data set as 
an input to the receiver simulation the variation in amplitude from the expected quadrature signal is 
checked against various known ionogram gradients.
An Engineering system design is produced in Chapter six. The specification for both traditional and 
the proposed advanced radar is produced in this chapter. Details of pre-processing for ‘O’ and ‘X’ 
wave detection are given along with the design of the core radar, and an overview of the complete 
payload.
Chapter seven is the concluding chapter and gives the capabilities and limitations of this proposed 
payload. The implications that this research will have on future sounders is looked at and future 
possible work explained.
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The feasibility study of this chapter has been undertaken to establish where existing topside sounding 
methods could be improved, and which of these could be deployed within the constraints of a 50 kg 
microsatellite. Later chapters propose some novel methods which together with some of the 
techniques of this chapter form the basis of the new proposed design.
Past sounders have required platforms weighing 150 to 250 kg, and transmitter pulse powers of up to 
400 watts with large antennas. An average payload power in excess of 25 watts DC was typically 
required. The sounder link budget is now examined to see if any improvements can be made in the 
light of advances in technology and techniques. The objective is to improve the payload power budget 
to be compatible with the UoSAT microsatellite platforms which have an average orbital power 
generation of 20 watts. Also taken into consideration is the requirement that the satellite should be 
capable of storing and transferring sufficient data to enable continuous operation of the sounder at a 
reasonable ionospheric sampling rate and with only one ground station available. Thus a further 
objective is much more cost effective sounder missions.
This chapter therefore contains an in-depth study of past sounder specifications, the link budget, 
especially over the critical low frequency range, and hence a study of electrically small antennas and 
matching networks. The DC power budget requirements are estimated. Finally different configurations 
of sounder are considered along with the quantity of data recorded and its transfer rate to the ground.
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Initial Feasibility Study
2.1. P a st to p sid e  so u n d e r  sp ec ifica tio n s
Tables 2-1 to 2-4 show the evolution of orbit, transmitter, sounder sweep characteristics and receiver 
specifications of all topside sounders over the past three decades. These have been used to develop 
the specification of the proposed topside sounder. Some features are worth examination for possible 
incorporation into the new scheme.
2.1.1. Orbits and global coverage
2.1.1.1 Orbits
The orbit of the satellite has to be carefully chosen in order to explore the ionosphere over both the 
sunlit and dark sides of the Earth. By inclining the orbit at 80° to the equator on Alouette 1 a global 
survey was completed in 3 months instead of six for a polar orbit [Shearman 1963]. The cost is a small 
loss of coverage around the poles.
Table 2-1 Orbit
Satellite Coverage
Alouette 1
Explorer XX
Alouette 2
0.8°- 1.3° or 
121 - 159 km
0.7°- 1.1° or 
100- 150 km
ISS-b
1979 
to 1982 
1986 
to 1989
Cosmos
1809
satellite in deg. and in km on the ground.
The other factor that effects the sounder is the altitude of the satellite. The lowest orbit needs to be 
above the peak height for foF2 and high enough so that the satellite will not re-enter due to the drag of
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the upper atmosphere. Pulinets [1989] considered the optimal height should be between 800 - 1000 
km for critical frequency mapping. The oblique and ducted traces at the higher altitudes, especially in 
the high latitude regions make ionogram interpretation complex. It can be seen from table 2-1 that 
topside sounder satellite orbits have varied from circular to highly elliptical.
It is considered that with only one satellite, a circular orbit o f 800 km inclined between 70° and 80° to 
the equator is the best choice for LT and for universal time (UT) critical frequency mapping. That is 
provided there is enough memory available for 100% coverage between primary ground stations. 
Pulinets [1989] suggests that it would be better to have between 2 to 5 satellites in polar orbit taking 
measurements simultaneously to overcome the problem o f seasonal variation in the UT map using 
only one satellite.
2.1.1.2 Coverage
A table o f the sweep sounder characteristics for previous topside sounders is included below.
Table 2-2 Sounder Sweep Characteristics
k  *f il
Satellite
Fixed freq. 
Steps
(MHz)
IK 19 [I) 
Cosmos 1809
I C':' 43 [ 1} IS-338 sounder payload capable o f : 8 /16  / 32 / 64 sweep rate or Ionogram repetition period
* « ' ' kL~‘* 1 T 1 - If f  (
The importance o f many samples o f  sounding data over any given area is obvious if sampling 
irregularities are to be taken into account. It can be seen from the ‘coverage’ column in table 2-1 that 
satellites prior to ISS-b had greater sampling rates than later ones but they suffered from having no or 
very little memory, or the sweep rate was too low (see table 2-2). This had the effect o f producing a 
lack o f accurate global data. ISS-b and future mission hardware was superior, and carried several
2-3
Chapter 2 : Initial feasibility study
sounding experiments, but not being dedicated to one experiment, their data sampling rate was 
compromised. The sampling rates are shown as soundings per degree of latitudinal sweep of the 
satellite.
Usually in the case of sounding satellites Bradley and Dick [1993] suggests a grid of 5° x 5° latitude 
and longitude to average out the readings taken. If say soundings took place every 0.8° then 6 
readings could be averaged over one 5° cell. With a typical low Earth orbit of say 800 km this would 
be equivalent to an 8 second sounding sweep with a 4 second gap between sweeps. Also at 800 km 
the satellite will make 14-15 passes every 24 hours. This is equivalent to about 25° longitude at the 
equator (the worst case). It would therefore take several days at the suggested inclination to produce 
one LT map using this cell criteria.
2.1.1.3 Sweep Characteristics
From table 2-2 the sweep frequency range of 0 to 15 MHz has been selected to cover the ranges of 
critical frequency previously measured over the entire globe. The frequency step of 100 kHz chosen 
by the ISS-b satellites designers is considered too course. Previous results show that a better option 
would be a 50 kHz step, this resolution being considered more accurate for mapping purposes. See 
section 4.5.2. for further details on timing strategy for both this traditional mode of sounding and the 
proposed ‘dispersion method’.
2.1.2. Transmitter Specifications
Large dipole antennas of up to 73 metres tip to tip and RF power as high as 400 watts have been used 
in the past on topside sounding satellites. This has equated to average DC power requirements 
ranging from 26 to 60 watts for their payloads. The main limitations using a microsateilite is a low 
average power of about 20 watts available in any one orbit for both the payload and satellite systems.
It can be seen from table 2-3 that the fixed frequency sounder, Explorer XX has been included along 
with the sweep frequency sounders. The swept frequency sounders used two sets of unmatched 
antennas in an attempt to maximise efficiency without producing sidelobes. The Explorer satellite 
was a 44 kg micro satellite and used smaller tuned antennas with RF peak pulse powers as low as 8 
watts. In this unique fixed frequency/tuned antenna configuration the satellite produced good results. 
The Explorer satellite is the first indication that a microsateilite system using two short dipoles 
matched with an Antenna Tuning Unit to improve efficiency of the electrically short antennas could 
work in a sweep frequency mode. That is providing that the antenna tuner could adapt fast enough 
and that the hardware could cope with the RF and operational strains of a fast changing system.
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Table 2-3 Transmitter Specifications
Satellii Frequency Pulse width
(Us)
0.1 - 10/20
Cosmos 1809
2.1.3. Receiver Specifications
Signals as strong as 200mV were received by Alouette 1 from powerful ground transmissions causing 
receiver intermodulation. For this reason Alouette 2 had 4 bandpass preamplifiers and ISIS had 7, 
showing progressive improvement in table 2-4.
Galactic noise dominates at HF frequencies lower than typically 15 MHz in Low Earth orbit. Using 
the CCIR [1990] galactic noise measurements, a theoretical maximum noise o f -80 dBm at 1 MHz, 
decreased by an antenna mismatch o f 20 dB into the receiver produces a receiver noise floor o f about 
-lOOdBm. A noise floor o f 5pV into 300Q (-10dBm) was observed on Alouette 2 [Franklin and 
Maclean 1969]. Similarly a receiver sensitivity o f  5 - 10pV for a S/N o f 3dB was chosen for the IK 
19 and Cosmos 1809 satellites [Pulinets 1989]. Therefore for the proposed microsateilite 
specification a tuned antenna with a -20dB loss at 1 MHz (see table 2-6) and a receiver input 
impedance o f 50Q, suggests a sensitivity o f 1 pV and a dynamic range o f 90dB.
The Alouette receivers used double conversion superheterodyne with a signal-to-noise ratio o f 10 dB 
at the output o f the IF prior to the diode envelope detector. In comparison the IS-338 sounder had a 
receiver sensitivity o f 5-10pV with a signal-to-noise ratio o f 3 dB.
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Table 2.4 Receiver Specifications
AGC 
Attack
(ms)
Explorer XX 
Alouette 2
ISIS i
ISIS 2
IK 19 and 
Cosmos 1809
12 [1]
■
No AGC used
520 < 2 MHz 
2 MHz >60 
60
Bandwidth Noise floor
4
16121
■ H
---
12
Dynamic
Range
(dB)
Intermod.
Figures
(dB)
90 70 (2N141
..
63 c N f
90
50 - noise 
40 - signal
78 (2-) [5) 
70 <3-)[S]
90
..
80
hhhhbmhhbhb
[1] It was found that that large resonance at LF c
[2] Noise floor measured at 1 pV is exceeded by galactic noise, for example in the 
Alouette receiver it was measured as 5pV at 0.9 - 11 MHz with a 300Q source
[3} Receiver sensitivity 5 -1 0  pV for S/N of 3dB.
[4] Alouette is referred to lpV into a 300Q receiver input.
[5] ISIS is referred to lpV into the 2:1 transformer receiver input.
/ f s y  J T   ^ w m m  3 N  I ’A  I t  >- t*.  *,"* i l - k  '  :
r  $ ^Pf ) \ f t  v§h| 1 t i f !  MB
In the Alouette sounder, the frequency was swept and therefore the returning signal (some 
milliseconds later) would be mixed with a changed local oscillator (LO) frequency thus requiring a 
wide IF (Intermediate frequency) bandwidth o f  40 kHz to capture the signal. Again in comparison 
the IS338 had an IF bandwidth o f only 12 kHz (which is a relative improvement o f the S/N by 5dB). 
For purposes o f link budget analysis and configured as a traditional swept frequency sounder, the 
microsatellite will be considered to have a 3dB S/N in a 20 kHz bandwidth.
2.2. A louette  2 link b u d g e t
The objective o f this section is to estimate the minimum power requirements for the UoSAT topside 
sounder transmitter. Using the previous topside sounder specifications in section 2.1, this section 
gives an analysis o f  the link budget. Initially a published link budget at a fixed frequency o f 2 MHz is 
used as a starting point. By the use o f a spread sheet, new calculations were compared with those 
published. The results were within 0.5 dB. Improvements to this fixed frequency link were then 
made which suggested that a study would be undertaken o f the efficiency o f short dipoles and o f  
matching at the critical lower frequency range. With the results obtained and with suggested
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improvements in receiver design, a swept frequency radar link budget between the ranges o f 0.5 and 
15 MHz was then calculated. Taking into account new published noise data and changed orbital 
parameters, a comparison between the Alouette 2 topside sounding satellite and the proposed UoSAT 
sounder has been made in section 2.5.
2.2.1 Explanation of the topside sounder link budget.
The Alouette 2 provides a useful starting point for studies on sounder link budgets. A table o f the link 
budget at 2MHz is shown in figure 2-1. This was originally published in a paper by Franklin and 
Maclean [1969]. It is believed that this is the only link budget published for any topside sounder. At 
this published frequency o f 2MHz the transmitter power required to establish a link budget that 
provides S/N sufficient in the receiver to plot an ionogram was found to be 24 dBW (250 watts). A 
spreadsheet was then produced for calculating link budgets (figure 2-2). From this spreadsheet, 
which has a little more detail, the results were found to exceed the original by about 0.5 dB.
Apparent range = 4000 km 
Sounding frequency = 2 MHz
kTB (B = 1 Hz T = 290 K) - 204 dBW
Galactic noise + 45 dB
Receiver bandwidth (40 KHz) + 46 dB
O & X splitting + 03 dB
Polarisation loss + 03 dB
Antenna mismatch + 03 dB
Path loss + 112 dBW
Antenna fading + 10 dB
Receiver signal-to-noise + 10 dB
Trace-to-trace correlation - 04 dB
Total Power = + 24 dBW
Required transmitter power = 250 watts
Trace to  Trace correlation
Frequency 2 .00  M H z
Apogee 3000  Km
F2 Height 250  Km
Range Multiplier 1.5
( X ) W avelength  = 150.0  m
( D ) Apparent path = 8250  Km
F.S .L  = | 116 .79  dB
Polarization Loss 3 .00  dB
O and X splitting 3 .00  dB
O th e r Losses (L P ) = | 6 .00  dB
Mismatch Loss 3 .00  dB
Fading Loss 10.00 dB
Gain 2 .15  dB
A n ten n a  Losses  (L A ) = | 8 .70  dB
Galactic Noise 9 E+6 K
Rx Noise Tem p. 288  K
( T  ) System  Tem p  = 9000288  K
( B ) Bandwidth 40 .00  KHz
RX N o ise  P o w er (P N ) = | -113 .04  dBW ~~]
S ig n a l to  N o ise  (S /N ) = | 10.0 dB
T ra c e  to  Trace  (T .T ) = 
T ra n s m itte r  P o w er =
4 .0  dB
24.45 dB W
278.83 W
Figure 2-1 Original Alouette 2 link 
budget [ After Franklin and Maclean ]
Figure 2-2 Alouette 2 spread sheet used for 
developing the link budget
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The transmitter peak pulse power in figure 2-2 is obtained using the equation :
Transmitter Power = F.S.L + Lp + L j+  Pjq + S/N- T.T (dBW) 2.1
where F.S.L is the free space loss, Lp is other propagation losses, L j  is antenna losses, Pjj is the 
received noise power, S/N is the signal to noise into the detector and TT is an allowance for the trace 
to trace correlation. A more detailed description of what these factors are, and how they are obtained 
follows :
2.2.L1 Free Space Loss (F.S.L)
This is calculated using the expression : F.S.L ~ 20 log (4 nD / X) (dB) 2.2
where D = Range xRange multiplier x  2 2.3
The range is the maximum true range from the satellite to the ionosphere and will be the apogee of the
satellite to the lowest F2 region which can be considered to be 150 km above the Earth. Another term
used to measure the distance from the satellite to the ionosphere is the apparent range or group height.
This increases with increasing electron density until the critical frequency is reached. Also ducted
and oblique echoes are observed which can increase the required range. For this reason when
calculating the total range of the radar (D), experience gained from topside ionograms suggests a
W
value of 1.5 is used as a range multiplier.
When displaying ionograms the term group height (hf is used. This is the apparent range from the
satellite to the reflecting layer and is given by : h/ — c/2 x  Td (km) 2.4
where c is the velocity of light in free space and Td is the measured time delay, hf is greater than the 
true range due to the group velocity of the medium that slows down the transmission of the pulses,
2.2.1.2 Other propagation losses (Lp)
O and X  splitting - Linearly transmitted radio waves that propagate through the ionosphere can be 
split into two separate waves called the “O” ordinary and “X” extra-ordinary waves (see section
3.2.1.). If these two component waves become circularly polarised then this splitting will cause the 
power of the propagating wave to halve, thus producing a 3 dB loss.
Polarisation loss - Assuming the transmitted wave is split into right handed (O) and left handed (X) 
circularly polarised signals, a 3 dB loss will occur on receiving with a linearly polarised antenna.
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Mirror Reflection - It is assumed that the reflected signals from the ionosphere incur no gains or 
losses. This is not generally the case. Up to a lOdB increase in return signal strength has been found 
from ionospheric reflections from the disturbed spread-F ionosphere [Petrie et al. 1965].
2.2.1.3 Antenna Losses (Lff)
Antenna mismatch loss - This is caused by the mismatch of the transmitter impedance to the load 
(antenna) over the whole range of transmitted frequencies; i.e. a 3 dB loss would relate to a S.W.R 
(standing wave ratio) of « 6:1. The early Alouette 1 had a maximum of 38 dB loss and Alouette 2 a 
60 dB loss, both of these at the low frequency extreme. Above 1 MHz the maximum losses were 25 
dB & 18 dB.
Antenna signal fading loss - The antenna will have losses due to the fact that its radiation pattern is 
not completely isotropic. It is thought that as Alouette 2 slowed down with time, the lack of 
stabilising spin caused the satellite to end its life with its long antennas pointing Earthwards. Thus the 
long antenna acted as a gravity gradient boom pointing downwards and therefore minimised the 
vertically downwards radiation. At different frequencies side lobes and nulls will also effect the gain 
of the antenna in different directions
Antenna gain /  loss - The theoretical gain for a 1/2 X antenna is 2.15 dB over an isotropic antenna.
2.2.1.4 Received noise power (P]ff)
This is calculated using the expression : P]g -1 0  log kTB (dBW) 2.5
where k is Boltzmanns constant, and B is the receiver IF bandwidth. The system temperature T, is 
comprised of the galactic noise temperature at the antenna and the receiver noise temperature, which 
can be added if there are no feeder losses. At HF (below 30 MHz) the galactic noise temperature 
dominates.
Galactic noise temp - Values for this are taken from the CCIR report 342-6 [1990] and have been 
measured from previous satellite missions. The graph from the report is reproduced in figure 2-3.
It is noted that the values peak at the LF end and change with respect to frequency.
Receiver noise temp - This is the temperature of the equipment which is considered to be 288 °K. 
Overall Receiver bandwidth - The bandwidth of the receiver affects the selectivity of the equipment. 
In theory the bandwidth required is dependent on the received pulse length and shape. The following 
formulae calculates the required bandwidth: B = l/Tp (Hz) 2.6
where / is a constant of between 0.7 and 1.3 depending on the pulse shape, and Tp is the pulse width.
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Alouette had a pulse width of lOOps and if / is chosen to be 1.3, then the minimum theoretical 
bandwidth needed was 13 kHz. The actual bandwidth selected was 40 kHz. This was to cope with the 
receiver frequency changing slightly from transmit during the return time delay of the radar pulse. 
This change in frequency was due to Alouette having an analogue frequency sweep, linear with 
respect to time, and not stepped as in a digital system. A tolerance is also required to allow for 
inaccuracies in the stability of the local oscillator of the receiver and the transmitter, and a small 
amount of Doppler shift. By using a DDS stepped oscillator in the proposed microsatellite system a 
much narrower 20 kHz filter can be used, and therefore the overall receiver signal to noise can be 
improved.
2.2.1.5 Signal to noise ratio (S/N)
For the Alouette sounding satellites used in the past, a receiver signal to noise ratio of 10 dB was 
quoted as being required. This was almost certainly due to an envelope detector being used with a 
threshold circuit to detect the returning pulses. If optimal signal processing is used in the 
microsatellite sounder but still configured as a traditional sounder (TSM or AIM), i.e. to provide 
ionograms, then it is expected that a S/N of only 3 dB would be required. For example in note [3] of 
table 2.4 it can be seen that the IK-19 and Cosmos 1809 topside sounders both specified a 3dB S/N.
2.2.1.6 Trace to Trace correlation (T.T)
Information was transmitted as a video signal directly from the satellite to 22 ground stations. The 
information was then displayed as an “A” scan which is the received signal sweep (including 
superimposed information). These were then converted electronically and displayed as ionograms on a 
CRT tube for the Alouette/ISIS campaign. The topside ionogram (see section 1.4) is made up of 
echoes, stepped in frequency, which are displayed side by side. It was found by Franklin and Maclean 
[1969] that the human eye would be able to interpret points side by side as horizontal lines and 
disregard natural cosmic noise or interfering signals. In this way the human eye can interpret and 
extract the ionograms within a noisy signal on a CRT display. It was found that the threshold of 
detection for Ionograms was 4 - 6 dB lower than on “A” scans, therefore giving an effective link 
budget gain of 4 - 6 dB. It is expected that a similar gain could be achieved when processing 
ionograms on a computer.
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2.2.2 Link budget for a complete frequency sweep
To calculate and display the overall link budget (see figure 2-5) for the complete Alouette 2 sounder 
frequency range, and at several heights, the following factors had to be taken into account and 
included in the Alouette 2 spreadsheet (figure 2-2) :
• Antenna matching - Figure 2-4 is a graph of the Alouette 2 antenna mismatch taken from a paper by 
Franklin and Maclean [1969],
• Galactic noise levels - from the CCIR [1990] report 342-6 (figure 2-3). For more details on how this 
graph was developed refer to the CCIR report.
•  Range of reflected signals - 3000 km apogee and 500 km perigee.
Figure 2-3 Graph of Galactic noise temperature vs. Frequency obtained from 
satellite and rocket experiments. [From CCIR 1990]
Figure 2-4 Alouette 2 Antenna mismatch [From Franklin and Maclean 1969]
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It can be seen from figure 2-5 that 300 watts is inadequate over the whole swept frequency range for 
the apogee o f the satellites orbit. During the lower orbits the power was sufficient, but in the higher 
orbits a small part o f  the ionogram would be missing. This is most serious in the frequency range o f  
four to five megahertz where a gain o f 6 dB over the baseline o f 300 watts would be required to meet 
the link budget. Also a peak at about 9 MHz is 3 dB above the base line. These correspond with the 
losses in figure 2-4. These shortcomings at the maximum altitude could be overcome by human 
interpretation o f the ionograms. Also some gain due to possible incorrect assumptions by the Alouette 
engineers about antenna matching in a magnetoplasma, and range multiplier at the higher frequencies 
should be taken into consideration. Some Ionograms would probably be only partially complete. This 
o f course is speculation as it is known that in practice good results were obtained. Fortunately 
scattering was found to increase the link budget by lOdB at higher altitudes [Petrie et al. 1965].
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Figure 2-5 A graph of the required transmit power for the Alouette 2 sounder calculated for various 
altitudes over the sounders frequency range fora 10 dB receiver S/N.
2.2.3 Summarising link budget improvements.
Improvements to the link budget due to new techniques and innovation are now summarised.
2.2.3.1 Fixed factors.
The following are fixed factors in the link budget that do not vary with frequency :
• Satellite Apogee
The maximum height o f the microsateilite is predicted to be 800 km, compared to that o f the 
Alouette which was 3000 km. The maximum height for the F2 ionospheric region is 500 km and 
previous results show that 800 - 1000 km is the optimal height for sounding (see section 2.1.1.1). 
This reduction in height will reduce the free space losses, and give an improvement in the link 
budget o f  at least 14 dB if the F2 layer is at a minimum o f 250 km.
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• Receiver signal-to-noise ratio.
The Alouette receiver was double conversion. A signal-to-noise ratio of 10 dB was required at the 
output of the IF prior to the diode envelope detector. The proposed microsatellite receiver will be a 
direct to base-band conversion. Using DSP the required signal-to-noise ratio is expected to be 
better than 3 dB. In comparison the IS-338 sounder had a receiver sensitivity of 5-lOpV with a 
signal-to-noise ratio of 3 dB. (see section 2.1.4) This gives a further 7 dB improvement to the link 
budget.
• Receiver bandwidth
Receiver bandwidth can be reduced by a change in the local oscillator (LO) design. In the Alouette 
sounder the frequency was swept continuously with various sweep rates and therefore the returning 
signal (some milliseconds later) would be mixed with a changed LO frequency thus requiring a 40 
kHz wide Intermediate frequency bandwidth to capture the signal. The microsatellite sounder will 
have a Direct Digital Synthesiser -LO which is only stepped after the returning pulse has been 
received. Thus the received LO frequency will not have changed and a narrower bandwidth of 20 
kHz has been calculated to be acceptable. Again in comparison the more recent IS338 had an IF 
bandwidth of only 12 kHz. (see section 2.1.4). This gives an improvement of 3 dB to the link 
budget.
These improvements to the link budget will give an overall gain of 24 dB compared to the Alouette 
sounder without taking into account any improvements to the antenna and matching. The last two 
improvements are considered not to be optimal, but conservative values. As these parameters are 
under the control of the DSP software, they can be fully adjusted from the ground for optimisation.
2.2.3.2 Variable factors.
The antenna matching varies with frequency and it can be seen from figure 2-4 and figure 2-5 that 
improvement to the matching would again improve the link budget.
Also matching the antennas to the ionosphere with the use of attitude determination (section 3.3.1.) 
and circularly polarised antennas, sections 4.5.2.1. and 6.6.3, will again increase the link budget by a 
possible further lOdB. This is achieved by using two matched dipoles both fed from transmitters and 
receivers 90° out of phase.
The next section (2.3) explores the design of small self deploying antennas.
Section (2.4) then covers the antenna matching network for the critical match of short antennas at low 
frequencies. Following in section (2.5) is the full modified link budget.
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2.3. Electrically short dipole antennas
This section covers the subject o f electrically short antennas. In the case o f the topside sounder these
are dipole antennas that are less than one tenth o f a wavelength long (A/10). The information
%
covered includes the reasons for using small antennas, basic calculations o f  antenna impedance, 
losses, “Q” and efficiency.
2.3.1 Physically small self deploying antennas
The payload mass for antennas primarily comes from the motors and associate mechanisms used in 
deploying them. The need to keep mass down is necessary if the total platform mass is to be less than 
50 kg, the limit for this microsatellite. One o f  the pre-requisites therefore in designing this payload is 
to see if it is possible to reduce the size o f the antenna and to make it self deploying. It has previously 
been explained in section 2.2.3.2 that for this microsatellite sounding system phased antennas are 
required in some configurations, therefore the two antennas need to be the same length.
Frequency  (M H z)
Figure 2-6 A graph of Antenna half power beamwidth vs. frequency and Sidelobe level losses 
compared to the main lobe, indicates a minimum sidelobe level above 20 MHz. [From Zuran 1969]
Zuran [1969] in his paper on the development o f the ISIS antenna system explains in detail the design 
requirements for the larger ISIS sounding antennas. These observations have been modified for the 
microsatellite design. To ensure that a minimum o f signals are detected due to scattering the antenna 
length must be carefully chosen. The maximum length o f the antennas will have to be set so that at 
the highest frequency o f operation a minimum o f side lobes will be produced. The rejection o f the 
side lobe signal returns will reduce unwanted oblique path echoes.
2-14
Chapter 2 : Initial feasibility study
Knowing the antenna beamwidth is also important for determining the area o f ionospheric 
illumination.
Figure 2-6 shows the results o f  a calculation for the half power beamwidth and sidelobes for a 15 
metre tip to tip antenna over a range o f  frequencies from one half a wavelength (10 MHz) to 30 MHz. 
The 15 metre antenna was selected because at 20 MHz the side lobes disappear. It is worth noting that 
the Explorer XX satellite (Table 2-3) had antenna lengths o f 19 and 37.1 metres and a mass o f only 44 
kg. It must therefore be possible to deploy the shorter 15 metre antennas on a 50 kg microsatellite. It 
is also worth noting that UoSA T-1 used two 2.5 metre self deploying antennas and a 15 metre self 
deploying boom for its HF beacon experiments. [Smithers and Underhill 1982] This indicates that it 
is possible to integrate this type o f se lf deploying antenna mechanism into the proposed 
microsatellite.
The next section discusses the limitations and efficiency o f electrically short antennas.
2.3.2 Electrically short antennas and efficiency
Hansen [1981] in his paper “Fundamental Limitations in Antennas” states that although electrically 
small antennas have a normal directivity o f  1.5 (1.76 dBi) they suffer from the classic superdirective 
ailments: low radiation resistance, sensitive tolerances and narrow bandwidth.
Wheeler [1947] in his paper “Fundamental Limitations o f Small Antennas” states that an electrically 
small dipole fills only 2/3 o f an entire solid angle o f a sphere and this radiation pattern (a doughnut) 
remains the same as the antenna reduces in size. The limitation being the very small radiation 
resistance o f the antenna which results in a reduction in the transmitter coupling efficiency and narrow 
bandwidth.
To optimise the power transfer o f  the transmitter into the antennas, the antenna efficiency and 
bandwidth is reviewed. The efficiency o f an electrically short dipole is drastically reduced as the 
radiation resistance o f  the antenna is low. The loss resistance is high in comparison, having a 
significant effect on the power radiated. It is therefore necessary to calculate the antennas radiation 
resistance and loss resistance to find its efficiency. To calculate the bandwidth o f the antenna the ‘Q’ 
o f the antenna is required. These calculations do not take into account any matching problems with 
the transmitter. In fact the matching circuits have the effect o f  further lowering both the ‘Q’ and 
efficiency. However in calculating the overall system bandwidth and efficiency we start with the 
antenna calculations. These include radiation resistance, reactance (required in the matching 
equations), loss resistance, efficiency, gain, ‘Q ’ and Bandwidth.
Note: in sections 2.3 and 2.4 all terms are explained once and are common throughout.
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2.3.2.1 Radiation Resistance ( Rr )
The equation for free space radiation resistance (Q) o f  an electrically short antenna can be found in
[Hansen 1981], [Stutzman 1981] and [Schelkunoff 1952] : Rr = 80tt2 (L/X )2 2.7
where 2L is the tip to tip length o f  the antenna in metres and is for values o f  2L < 0.32 A only.
Also Franklin and Maclean [1969] gives an equation for the radiation resistance (Q) o f a short dipole
in a magnetoplasma : RK~ 20 (27t/X)2 L2 [1+ 2/15 (2n/X)2 L2 ] 2.8
again where 2L is the tip to tip length o f the dipole in metres. This time for values o f 2L < 0.125 A,. 
Both o f  these equations were used and were found to produce similar results over a range o f antenna 
lengths and frequencies up to the given wavelength limitation (see table 2-5). This gave a feeling o f  
confidence that the calculations were correct for short dipoles in a magnetoplasma.
23.2.2 Antenna Reactance (Xc )
The expression used for calculating antenna reactance in free space is found again in [Hansen 1981]
L'120
and [Schelkunoff 1952] and is given as : x c =-j-
ln: a 1
(2 ttL
tanb r
where 2L is the tip to tip length o f the antenna in metres and is for values o f 2L < 0.125 A only, 
‘a ' is the radius o f antenna pole in metres andXc is in ohms.
Also Franklin and Maclean [1969] gives an equation for reactance in a magnetoplasma :
X c =  - 6 0
2 Inf i r
v a J 3.39
2 nL 
~X
2.9
2.10
where 2L is the tip to tip length o f the antenna in metres and is for values o f 2L < 0.16A only.
‘a' is the radius o f antenna pole in metres and Xc is in ohms.
Again the results were similar for both equations (see table 2-5), again giving a sense o f confidence in 
the results.
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2.3.2.3 Antenna Loss Resistance (RL)
In [Schelkunoff 1952] and supported by [Stutzman 1981] the heat loss resistance o f a small dipole is
given b y : Rh = 2/3xRQxL 2.11
where R0 is the ohm ic resistance R0 = Rs /2na  2.12
and Rs is the skin resistance Rs = ( n f  p /c r )  2.13
Again 2L is the tip to tip antenna length in metres, a is the radius o f  the antenna pole, /u is the 
permeability in a vacuum ( 4tc x 10-7 ) , / i s  the operating frequency in Hz and cr is the conductivity o f  
the antenna material (For BeCu, cr is 1.3 x 10"7).
Again these relationships are true for 2L< 0.125A,.
Also the thickness o f the antenna is important. The penetration o f the wave into the skin is given by :
Skin depth = 1 /  ( f  7i p. a  ) 1/42 2.14
For example at the frequency o f  0.1 MHz the skin depth is 0. 44 X l 0 " 3  m, and for 20 MHz the skin 
depth becomes 3.12 x l0 “12 m. The limiting case here would therefore be at the lower frequency o f  
0.1 MHz with a skin depth o f about 1/2 mm.
2.3.2.4 Antenna Efficiency ( AE )
The theoretical efficiency is given by : AE = 100 X Rr/(Rr + Rl ) 2.15
In practice other loss terms are added to the Rh heat loss term. Reasons would be due to coupling with
the surroundings, losses in any matching devices, or feeders. Therefore the lower the radiation 
resistance the more susceptible the system is to other losses. In the case o f  a very short antenna 15m 
long, 13mm diameter and operating at 2 MHz, the efficiency was found to be 95%. It will be found in 
the next section that this is modified due to the influence o f the matching network and the system 
efficiency drops dramatically to 8%.
2.3.2.5 Antenna Gain ( AG )
The gain o f the short dipole antenna is simply the gain o f a perfect short dipole over the isotropic gain 
multiplied by the efficiency. The Directivity (D) for an electrically short dipole is 1.5, thus if  the 
efficiency is 50%, the gain over an isotropic radiator is : 10 log (1.5 x  0 .5) =  -1.25 dBi 2.16
which is 3.4 dB down on a perfectly matched resonant 1/2 X dipole (which is 2.15 dBi).
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2.3.2.6 Antenna (Q*
The “Q” o f the antenna may be found from the equation [Hansen 1981] :
Q
lnl ~  I - 1
2 71
x L x tan 2tiL 2.17
Where 2L is the tip to tip dipole length in metres provided that 2L is less than 0.125A, ‘a ’ is the radius 
o f antenna pole in metres. The limitations o f a very high means a very narrow bandwidth. It is 
also suggested by Hansen [1981] that for “fat” antennas the figure o f 50 may be substituted for L/a.
2.3.2.7 Antenna Bandwidth (B W) 
The bandwidth o f an antenna can be found from : BW = f / Q 2.18
Where both the bandwidth BW and the operating frequency / are in Hz. Q has no units.
In the case o f a very short antenna 15m long, 13mm diameter and operating at 2 MHz, the Q was 
found to be 1100, therefore the bandwidth would be 1800 Hz. This is a very sharp ‘Q’ and narrow 
bandwidth. It will be found in the next section that this is modified due to the influence o f the 
matching network and the system bandwidth increases by at least a factor o f ten.
2.3.2.8 Tabulated Results
Table 2-5 Short dipole antenna calculations
Antenna length (D ipole tip to tip) in meters : 
Antenna d iam eter in mm : 
Conductivity of Antenna m aterial ( n ) xIO :
15
13
1.3
Frequency M Hz = 1.2 1.4 1.6
Radiation Res. ( R r ) "Cl" - o f | 0 9 6 /
in a magnetoplasma 0.714 0.973 1.274
Loss R esistance ( Rl ) ”Q" » 0.074 0.080
Efficiency "% " = 90 6 92.4 93 7
A ntenna gain W - 1 0 I 4 1.5
Antenna "Q" = 5356 3358 2239
Bandw idth Hz » 224 417 715
1563
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The spread sheet in table 2.5 shows the efficiencies and bandwidths o f electrically short dipole 
antennas at the lower sounding frequencies. These calculations are the results o f the equations in 
sections 2.3.2. A graph was generated for the efficiencies o f antennas o f lengths 5m to 20m tip-to-tip. 
(see figure 2-7).
Frequency in (MHz)
Figure 2-7 The radiation efficiency of an antenna with a 13mm Beryllium copper tube 
dipole at various lengths and frequencies.
It was found that by decreasing the antenna pole diameter the efficiency also decreased.
These results neglect the losses caused by any transmitter to antenna matching unit.
The next section investigates the effect o f antenna matching.
2.4. Antenna matching
Section 2.3 covered the efficiency and bandwidth o f electrically short dipole antennas. This section 
covers the subject o f efficient power transfer from the transmitter to the antenna using a matching 
network. The frequencies below 2.5 MHz are specifically covered because they are critical to the 
link budget due to the low radiation resistance o f the proposed electrically short antenna system. The 
matching network efficiencies, losses and dielectric requirements are calculated. From all these 
observations a new link budget for the proposed microsateilite is developed in section 2.5.
2.4.1 Matching network calculations
The electrically short antenna has a very low radiation resistance, and requires a matching “L” 
network for efficient matching to the transmitter. This network includes a large inductance at low 
frequencies to balance out the antenna reactance (capacitive element) calculated in section 2.3.2.2.
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2.4.2 “L ” Matching Network
The antenna radiation resistance Rr , radiation losses RL and Antenna reactance Xc were calculated in 
section 2.3.2. In figure 2-8 is a simple matching network that will be used for the calculation o f  
matching losses in the sounders transmitter. The “L” matching network [Fautley 1989] comprises an 
inductor, XL(match) and a capacitor, Xc(match). Here RJX is the transmitters impedance and is taken to 
be 5 0 0 .
Transmitter’■ Antenna Match . Antenna
RTX
• -------- ---------1 --------- <1------ I I ------- 1
XL (match)
TXc (match) 1
• ------- —----- - -------- ----------< --------- 1
R*
Rl
Figure 2-8 Topside sounder matching network for the critical low frequencies
From figure 2-8 : Aj_(match) =  X + (Rr + RL) 2.19
and Xc(match) = - RJX/q  2.20
where X = q(RR + RL) 2.21
and q = (p-1)1/2 2.22
where the antenna efficiency : p — RJX /  (Rr + RL) 2.23
Knowing the operating frequency f  and using equations 2.19 and 2.20 the matching unit inductance 
and capacitance can be calculated from 2.24 and 2.25 :
Matching Inductance (L) = XL(match) / (2.7zf) henrys 2.24
Matching Capacitance (C) = 1 / ( 2kf  Yc(match)) farads 2.25
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2.4.3 Peak Terminal Voltage
An important factor when designing a matching unit is the very high voltages that can occur due to the 
large values of inductance used at the lower frequencies. This can be calculated from the equation :
Peak Voltage = Qx(2 P,NR)X/* = ( ATL(match) / R ) X (2 Pm R ) & volts 2.26
where PtN is the transmitter power in watts and : R = Rr + RL + PCoil ohms 2.27
and the losses in the coil at a given frequency are : PCoil = XL(match) / Scoil ohms 2.28
where the Q of the coil (Gcoil) is selected to take the system Q (<2s y s  - section 2.4.4) and the system
bandwidth (BJVSYS- section 2.4.5) requirements into consideration.
2.4.4 System “ Q” (QSYS)
It was shown in table 2-5 that the antenna “Q” is extremely high at low frequencies, and therefore the 
bandwidth of the antenna extremely narrow.
In matching the antenna at low frequencies large inductors are required.
The system Q is now modified to : QSYS = XL(match) / (Rr + RL + PCoil ) 2.29
2.4.5 System Bandwidth
System bandwidth (BWQYS) is found using the expression : BWSys = / / G s y s  FLz 2.30
where/is the operating frequency.
The bandwidth of the system at the operating frequency of 0.3 MHz is calculated to be 3 kHz with an 
inductor Q of 100. This is in comparison to the antenna bandwidth of only 1 Hz. Although fhe 
resistive losses in the ATU have increased the system losses by as much as 35dB at 0.3 MHz, 20dB at 
1 MHz and 8dB at 2.5 MHz, this is still an improvement over the Alouette design (see figure 2-4).
It may be desirable to decrease the Q of the coil (see table 2-10) and therefore increase the bandwidth 
to match the pulse width requirements of the system at the lower frequencies (see equation 2.6). By 
lowering the Q of the matching coil the peak voltages at these low frequencies are also decreased. 
The negative effect of lowering the Q is that more loss is introduced into the system and thus the link 
budget at these lower frequencies may not be established. This may not be a problem at the very low 
frequencies as the sounder will only need to operate as a relaxation sounder and produce very little 
power to stimulate plasma resonances within the ionosphere around the sounders antenna. In fact this
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may have a positive effect and make the ionogram electron density profile more readable (see section 
3.4), What this means in practice is that the transmitter power requirements are governed by 
bandwidth considerations, and the switching voltages produced in the matching circuits at the lowest 
expected critical frequency. Some compromise may be required.
2.4.6 System Efficiency
The system efficiency is calculated using the potential divider formulae :
System efficiency =Rr / (Rr + RL + RC0\i) ohms 2.31
2.4.7 Other Losses
Other losses that have not been directly taken into account are the SWR losses. These are small, and 
would only account for 0.5dB at a SWR of 2, or an extreme SWR of 6 would give a 3dB loss. SWR 
is the ratio of load impedance Z0 to line impedance ZL or its reciprocal, whichever is greater than 1. It
is directly measured using a coupler circuit and a calibrated meter.
The reflection coefficient/"is found from : r  = (SWR - 1) / (SWR + 1) 2.32
o r: r  = (ZL - Z0) / (ZL + Z0) 2.33
This then gives the: reflected losses = r 2 2.34
and forward losses = 1 - T 2 2.35
The transmission loss is then found as Loss = - 10 log (1 - r 2 ) dB 2.36
SWR can also be found from : SWR = (1 + 1/"| ) / (1 - 1/"| ) 2.37
2.4.8 ATU heat losses
The Q of the coil effects its resistive losses. The higher the Q the less the loss. This loss resistance 
(/’coil) is found from equation 2.28.
The total power lost in the matching unit (Antenna Tuning Unit - ATU) then becomes :
-Floss = (Fin* / coil?  ^ (Fr + FL + / COil ) watts 2.38
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2.4.9 Matching network calculations
The table below provides answers to all the calculations made from the equations in section 2.3 and 
section 2.4 over a frequency range o f 0.3 to 2.5 MHz.
Table 2-6 Matching network calculations
Ant. length (Dipole tip to tip) meters : 
Antenna diameter in mm ; 
Conductivity of Ant. material ( r r ) x107 :
15.0
13.0 
1.3
Transmitter output impedance "U" : 
Minimum ATU inductor "Q" x100 :
50.0
1.0
ANTENNA IMPEDANCE
Freq. MHz = 0.3 0.5 0.8 1.0 1.5 2.0 2.5
Rr = 0.044 0.123 0.316 0.493 1.110 1.974 3.084
in a magnetoplasma P 04 4 0.123 0,316 0.495 1.119 2.000 3.148
Rt = 0.037 0.048 0.060 0.067 0.083 0.095 0.107
Rr+ : Xq = 
in a magnetoplasma
0.081 -j 15397 
0.081 -j 15404
0.171 -j 9226 0.376 -j 5748 
0.377 i  5776
0 561 -j 4584 
0.563 -j 4621
1.193 -j 3024 
1.201 -j 3081
2.069 -j 2235 
2.095 -j 2311
3.191 i  1753 
3.254 -j 1848
ATU MATCHING NETWORK
XL (match) = 
Inductor (mH) =
C^OIL 
Xc (match) = 
Capacitance (pF) =
For 10 watts input 
For 100 watts input
+j 15406 j 9245 j 5781 j 4626 j 3088 j 2321 j 1861
8.173 2.943 1,150 0,185 0 118
154.06
-j 2.019
92.45
j 2.931
57.81
j 4.357
46.26
j 5.334
30.88
j 7.845
23.21
j 10.457
18.61
j 13.193
262787 108617 29839 13526 7610 4826
PEAK TERMINAL VOLTAGES -
5549 4296 3389 3024 2438 2063 1780
17549 13585 10718 9561 7711 6524 5628
THEORETICAL SYSTEM Q (xiooo)
THEORETICAL BANDWIDTH "Hz"
Antenna BW (Hz) =i 
fat Dipoles (Hz) = 
System BW (Hz) =
THEORETICAL EFFICIENCY
Antenna 0= 346.68 74.78 18.20 9.290 2.724 1.132 0.568
For fat Dipoles = 166.84 35.99 8.76 4.471 1.311 0.545 0.274
System O- 0.100 0.100 0.099 0.099 0.096 0.092 0.085
0.87 6.69 44.0 107.6 551 1767 4399
1.80 13.89 91.3 223.7 1144 3671 9140
3002 5009 8052 10122 15583 21806 29372
Ant. Eff. : dB loss 54.6 % 2.6 72.13 1.4 84 0.8 88 0.6 93.1 0.3 95.4 0.2 96.7 0.1
Sys. Eff. : dB loss 0.03 % 35.4 0.13 28.8 0.54 22 6 1.06 19.8 3.49 14.6 7.90 11.0 14.40 8.4
2.4.10 Conclusions
In section 2.2 o f  this chapter we concluded that by placing the satellite in an 800 km orbit, using 
advanced techniques to improve the receivers S/N and bandwidth it is possible to provide an overall 
gain o f at least 24 dB to the link budget.
Because o f the system requirements for circular polarisation and minimal side lobe propagation a 
study o f electrically short antennas was undertaken in section 2.3. We found that the losses in these 
antennas were proportionally higher as the frequency was reduced at the low frequency end o f the 
sweep.
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To minimise the low frequency losses a matching network was studied in this section and the 
calculations are displayed in table 2-6. From these results an analysis o f  the radar link budget is given 
in section 2.5 for the proposed microsatellite topside sounder. This link budget is a crucial factor for 
calculating the transmitter power, and thus calculating the overall DC power requirements o f  the 
payload. From this we can establish if it is feasible to place a topside sounder on a microsatellite.
2.5 Modified Link Budget
2.5.1 Matching network losses
Using the spread sheet in table 2-6 several values for the ATU inductor Q were selected, ranging from 
20 to 200 and the antenna and matching unit system losses were calculated over the frequency range 
o f 0.5 to 2.5 MHz. These results are then plotted in figure 2-9.
tip-to-tip
1.25 1.50 1.75
Frequency (MHz)
Figure 2-9 Calculated microsatellite Antenna Tuning Unit and system 
matching losses for a range of values of inductor 'Q'
Figure 2-10 Graph of the microsatellite matching coil “Q” for a 20 kHz receiver bandwidth
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At a frequency o f 2 MHz the bandwidth in table 2-6 is 21 kHz with an ATU coil o f  100. To obtain the 
same bandwidth at 0.5 MHz the Q o f the coil was found to be 25. The results o f  the matching network 
calculations for Q over the frequency range o f  0.5 to 2.5 MHz to obtain a bandwidth in excess o f  20 
kHz are plotted in figure 2-10. Using the results from both these plots in the spread sheet (figure 2-2) 
along with the other proposed modifications o f  sections 2.2 to 2.4 several link budgets are developed 
in the next sections
2.5.2 Modified link budget for a traditional sounder.
The link budget calculations in this section (2.5.2) cover the case o f the Traditional Sounding Mode 
(TSM) microsatellite link budget and is for the minimum configuration o f  a traditional pulsed topside 
sounder that will produce good quality ionograms.
The operating parameters are :
• a single antenna o f 15 metres tip to tip
• a system Q o f 100
• 3dB S/N into a 20 kHz bandwidth
• a peak pulse power output o f  10 watts.
The total matching system efficiency is displayed in figure 2-11 as a link budget for varying lengths o f 
antenna. The matching losses are representative o f an ATU with a “Q” o f 100. Also superimposed on 
the graph is the Alouette 2 system link budget, re-calculated for a maximum satellite height o f 800 km 
to correspond to that o f the UoSAT microsatellite orbit. The Alouette sounder was originally 
calculated with an output power o f 250 watts at 2 MHz for a height o f 3000 km. At a height o f 800 
km this equates to «  15 watts at 2 MHz. Although a much higher level o f  power for the sounder to 
work is indicated at other frequencies, (see figure-2.11)
Figure 2.11 - Antenna efficiency effects on proposed microsatellite link budget
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The system Q is the limiting factor for the sounders operating bandwidth. For a 50 ps pulse a 
bandwidth o f 20 kHz is required. This means that for frequencies lower than 2 MHz the pulse width 
will need to be increased, or the Q lowered. Using a lOOps pulse 1 MHz is the limit. Likewise at 0.5 
MHz a 200ps pulse could theoretically be used.
From figure 2-11 it can be seen that the antenna must be a minimum length o f 15m tip-to-tip if the 
peak transmitter power is to be only 10 watts. At other frequencies though the UoSAT sounder 
outperforms the Alouette 2 by a good margin when used as a traditional topside sounder.
1000
Figure 2-12 The proposed microsateilite link budget compared to that 
of Alouette for several altitudes.
Figure 2-12 shows the Alouette link budget for an altitude o f 3000 km, 800 km and the UoSAT at 800 
km on a logarithmic power scale. The matching losses were calculated over the critical range o f  
frequencies from 0.3 MHz to 5 MHz, the rest o f the range up to 15 MHz was extrapolated.
2.5.3 Modified link budget for advanced sounding modes.
The microsateilite Traditional Sounding Mode (TSM) link budget from figure 2-12 is used as a base 
line in figure 2-13 for comparison with the advanced sounder modes.
Initially it is proposed that there will be two advanced sounding modes available on the microsateilite 
sounder:
• The first o f these is the Advanced Ionogram Mode (AIM).
In this mode o f operation the antenna matching unit Q will be tailored to provide a minimum system 
bandwidth o f 20 kHz with a receiver S/N o f 3 dB. The effect this has on the link budget is observed in 
figure 2-13 as a sharp rise in the plot at the low frequency end o f the range compared to that o f the 
fixed Q o f the traditional sounder.
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Also circularly polarised transmission and reception are available to provide pre processing o f the 
returning ‘O’ and ‘X ’ waves discussed in sections 3.2.1, 4.5.2.1 and 6.6.3.
Therefore as the antenna - ionosphere interaction is improved, along with minimal losses due to 
Faraday rotation (which is discussed in section 3.2.1), less transmitter power is required.
This mode therefore provides an improvement in the link budget and the sounding capabilities.
The negative aspect o f this mode is :
Complex processing o f the ionogram data, double the hardware requirements on board the satellite (ie 
the DC budget will be worse than that o f the traditional sounder).
Figure 2-13 Comparative microsatellite link budgets
• The second advanced mode is the Advanced Dispersion Method (ADM).
The only difference in this link budget to that o f  the AIM mode is that a 20 dB S/N in a 20 kHz 
bandwidth is required to implement the ‘Dispersion Method’ satisfactorily.
It can be seen from figure 2-13 that the 100 watts available from a pair o f transmitters feeding the two 
antennas theoretically provides reflections as low as 1.5 MHz from the ionosphere. From the 
Alouette-2 link budget in figure 2-12 it can be seen that in theory when the satellite was at its 
maximum altitude, at the same frequency o f 1.5 MHz, the link budget failed to provide ionograms. In 
practice though this was not the case. It is therefore expected that the new proposed microsatellite 
should outperform that o f the Alouette 2 topside sounder.
At frequencies lower than the reflection point the instrument acts as relaxation sounder stimulating the 
plasma that surrounds it (see section 1.4.2.2.).
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2.5.4 Link Budget conclusions.
This section now concludes the research into the microsatellite link budget.
The advanced dispersion method (ADM) require a transmitter peak pulse power of 200 watts. This is 
a disadvantage when calculating the satellite DC power requirements in section 2.6, however it is not 
an insurmountable one. The great advantages of this method will be explained in section 4.6 that this 
method is faster and cheaper than previous topside sounders.
The criterion for the link in the next two modes of operation is to provide good quality ionograms at a 
fixed satellite altitude of 800 km.
It has been shown that in the traditional sounding mode (TSM) of operation using a single 15 metre 
tip to tip dipole antenna, with a 3dB S/N at the receiver into 20 kHz bandwidth, only 10 watts peak 
pulse power is required. This is true provided that the pulse width is increased to follow the system 
bandwidth at the low frequency end to compensate for the fixed Q antenna matching unit.
The advanced ionogram mode (AIM) of operation uses two 15 metre dipole antennas for polarisation 
control, and thus is used to pre-process the returning ‘O’ and ‘X’ waves. By changing antenna 
matching Q to allow a minimum system bandwidth of 20 kHz even lower power operation is possible. 
The disadvantage of this mode of operation is the large memory requirements for recording the 
detected inphase and quadrature signals. Therefore in section 2.7 we will investigate the memory and 
the down-link requirements for data transmission to the ground station.
This link budget is a crucial factor for calculating the transmitter power, and thus calculating the 
overall DC power requirements of the payload in the next section. From this we can establish if it is 
feasible to place a topside sounder on a microsatellite.
2.6 Payload power requirements
The real crux of the matter when investigating the feasibility of a topside sounder is whether the solar 
cells and batteries can provide enough power to the payload. Experience has shown that with the 
UoSAT microsatellites there is typically 20 watts of continuous power available to the satellite. If 
the payload is continuously operating with little control being received or data being transmitted to the 
ground, and the satellite computer is only being used for station keeping and experimental control, 
then about 15 watts of power is available on average for the sounder.
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2.6.1 For a traditional sounding payload (TSM)
When the sounder is configured as a simple traditional sweep sounder (see section 6.3.2) there will be 
a single transmitter, receiver and antenna with no pre processing o f the ‘O ’ and ‘X ’ waves, i.e. no 
circularly polarised antennas are being used.
The transmitter in these calculations is for an eight second sounding sweep. A single 50ps pulse is 
transmitted within a 26ms frame (see section 4.5.2.3). An allowance has been made for a transmitter 
amplifier efficiency o f 50%. All other power drains are the maximum data sheet values. In this 
configuration the average payload requirements for continuous sounding are shown in table 2-7.
Table 2-7 Minimum power requirements for sounder payload
This is the estimated minimum power requirement, and when configured only half the payload 
hardware is used. As the Direct Digital Synthesiser (DDS) uses less power at the lower frequencies it 
is expected in practice that that the payload requirements should be less.
If the sounding rate were halved, the power drain would almost halve. This is an option which would 
allow the continuation o f the experiment as the satellite ages and the batteries become less efficient.
2.6.2 For the advanced sounding payloads : (ASM) and (ADM)
In the advanced modes o f operation the maximum power drain is when the payload is configured to 
both transmit and receive circular polarisation. In this configuration ‘O’ and ‘X ’ wave returns are pre 
processed.
In the ADM mode o f operation the transmitter in these calculations is for a one second sounding 
sweep. For the ASM, the sounding sweep is again eight seconds as for the TSM mode in 2.6.1. In 
both these configurations a single 50ps pulse is also used in a 26ms frame. An allowance again has
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been made for a transmitter amplifier efficiency o f  50%. All other power drains are the maximum 
data sheet values. Again it is expected in practice that the payload requirements would be less. In this 
configuration all the hardware available is used and the estimated power requirements for continuous 
sounding are set out in table 2-8.
Table 2-8 Maximum power drain from the sounder payload
Some compromise can be made by using circular polarisation when transmitting and receiving in a 
linear mode with both the antennas joined together. A good saving in DC power is achieved by doing 
this, but between 3 to 5dB is lost in the link budget. This could be made up by increasing the 
transmitter power to at least 200 watts per transmitter. The main disadvantage when doubling the 
power in the transmitters is the extremely high RF voltages that appear in the AATU at low 
frequencies (see table 2-6). Table 2-9 is the compromise configuration for the advanced topside 
sounding mode.
Table 2-9 Advanced sounding with the compromise configuration
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2.6.3 Power consumption conclusions
It has been shown that between 9 and 17 watts is required to operate the sounder payload 
continuously. With only 15 watts of power available to the payload in any one average orbit some 
compromises to the sounder configuration and sampling rates have been suggested.
The compromise power budget suggests two - 200 watt transmitters. If this is selected as an option, 
the antenna matching should be looked at in great detail to ensure that the dielectric strength of its 
components are sufficient to cope with the extremely high RF voltages present (see table 2-6). This is 
an area of research that still requires some answers.
2.7. Data storage and transfer capabilities
One of the aims of this satellite sounder is a continuous and high sounding rate with the minimum of 
ground support. Ideally this means controlling the satellite and data transfer from a single ground 
station. The main limitation in achieving this goal is the downlink capability of the satellite. It is 
therefore necessary to establish how much digital data will need to be transferred from the satellite on 
board memory between passes over the ground station. Hence the first parameter to establish is the 
data generated per frame and then per sounding sweep. From this, the data generated per orbit is 
estimated, followed by the data down-link and bandwidth requirements.
2.7.1 Memory Requirements per frame
I
L.P.F A/D r
t
100 kHz sampling rate
i
L.P.F. A/D ___r— iQ
Memory
Figure 2-14 Basic AIM sounder detector
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The memory requirements of the sounder payload to enable continuous traditional sweep sounding 
mode (TSM) ionograms or the advanced ionogram mode (AIM) to be stored are set out below. The 
difference is that the AIM requires twice the memory because two receiver channels are stored, 
compared to just one magnitude with TSM.
The basic AIM detector in figure 2-14 has already been explained in detail in chapter 4. We will 
assume 14 milli-seconds of data per frame (see sounding strategy in section 4.5.2.) and 300 frames per 
sounding.
Calculating the number of bits generated per frame per channel:
Analogue to Digital bit rate x Frame length (seconds)
Memory per frame —      ;  2.39
sampling rate (seconds)
With an A/D (analogue to digital) bit rate of 8 and a 100 kHz (or 10 ps) sampling rate the number of 
bits generated will be 11200 bits.
2.7.2 Memory requirements per sounding sweep
With two receiver channels for AIM one complete sounding (300 frames) the raw memory 
requirements will be :
Total uncompressed memory = Memory per sounding X  2 X  No. of frames 2.40
This will be 6720 Kbits or 840 Kbytes. If simple zip compression is used then the memory 
requirements is likely to be a fifth or approximately 170 Kbytes. If we allow for information to be 
tagged onto each sounding, such as frequency, GPS information, noise levels, resonance tags then we 
can expect a compressed memory requirement o f: 180 Kbytes per sounding sweep. 2.41
2.7.3 Orbital Period.
To estimate the memory requirements for the satellite over one complete orbit we must first establish 
the orbital period.
The velocity of an object in orbit is given by Evans and Jessop [1981] as: V2 = m /R  2.42
where V is the velocity of the object in metres per second, m is the Earth’s gravitational mass (398600 
km3 /sec2) and R is the radius of the Earth plus the height of the satellite.
Assuming the Earth’s radius to be 6371 km and the satellite to be in an 800 km LEO then the velocity 
of the satellite is 7.45 km / s. As V — distance /  time 2.43
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Then the orbital time period (Op ) is : Op = 2kR /  V = 6052 seconds 2.44
This equates to approximately 14.25 orbits in 24 hours.
2.7.4 Memory per Orbit
With an orbit time period of 6052 seconds and with an 8 second sweep and 4 second break time the 
number of soundings per orbit is :
No of soundings — orbit period /(sweep length + break) = 500 soundings per orbit 2.45
It is worth noting that this is 2.5 times faster than any previously run program of high resolution 
sweep sounding.
The memory requirements per orbit for advanced ionogram data storage (AIM) can be found from 
2.45 and 2.41, and is therefore :
No of soundings X  memory per sounding =  90 Mbytes per orbit 2.46
It can be seen that with even modest compression an orbits worth of ionogram data can be easily 
stored on the UoSAT’s latest 250 Mbyte solid-state mass data storage facility. In fact nearly three 
orbits of un-processed data could be stored.
Over a 24 hour period a typical satellite in an 800km orbit would require :
14.25 x 90 = 1282 Mbytes per day 2.47
2.7.5 Down link requirements
Healthsat 2 is a microsatellite in an 800 km polar, Sun synchronous low Earth orbit, with 14 passes 
every 24 hours. It has been estimated at the satellite command centre, located at the University of 
Surrey, that over a twenty four hour period 90 minutes of down link time is available. This comprises 
8 passes with a contact window of between 8 & 15 minutes.
If we assume the use of an S-Band down link, then the capability to transmit data at a rate of 1 Mega­
bit per second would be available, or 7.5 Mbytes per minute, [da Silva Curiel 1996] With 90 minutes 
of down link time available then the total data that can be passed in 24 hours is 675 Mbytes.
The down-link is therefore the bottle-neck for data transfer of continuous unprocessed traditional 
swept sounding.
From 2.46 we estimated that a single orbit would produce 90 Mbytes of data. With an average down­
link window of 12 minutes per orbit a single orbit of data could be transmitted to the ground. The
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answer could be to down link some of the data from another co-operating ground station that is 
optimally at +/- 90 degrees longitude and above 50 degrees latitude. In fact a station located at either 
of the poles would have two and a half times the down link capability as it would see every pass. The 
other possibility for data handling of AIM sounding would be to half the sounding resolution and use a 
single command centre.
2.7.6 Traditional sweep sounding mode (TSM)
TSM requires only half the memory (See section 2.7.1) of ASM and therefore the sounder would 
operate quite happily on a continuous sounding rate of 8 seconds of sweep plus 4 seconds wait. The 
data generated could be down loaded at one station located at a similar latitude as the Surrey ground 
station (see section 2.7.5)
2.7.7 Advanced Dispersion Method (ADM)
The main advantage when it comes to memory requirements of the ADM method is that only files of 
data need to be stored. If we assume that an ADM sounding can be completed in one second then in a
24 hour period (14.25 orbits) : 86,400 soundings take place. 2.48
The data required for each sounding record set will be as follows :
• critical frequency (kHz)
• group range (km)
• date (in year and days)
Location using GPS :
• UTC time (seconds)
• latitude (degrees)
• longitude (degrees)
• satellite height (km)
Also other data can be stored such as :
• Noise levels of the sounders receiver prior to transmission
This equates to eight pieces of data requiring approximately two bytes each or 16 bytes per record.
If we allow 20 bytes of data for each record set, then from equation 2.48, over a twenty four hour 
period less than 2 Mbytes or 16 Mbits of data is stored.
If we select a typical 9600 bits per second UHF down link, then in 24 hours we require 28 minutes to 
down load all the above data and more. According to section 2.7.5 there is typically a 90 minute
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window available from the ground to down load data. It would therefore be possible to store 3 days 
uncompressed data prior to downloading.
A better method maybe is to average data over ten seconds, and thus 30 days of data could be stored 
and downloaded at one ground station. Using simple zip compression these 30 days of data could be 
down loaded in 6 minutes, or one pass of the satellite (see section 2.7.5) over a ground station.
It should therefore be possible to provide local time (LT) maps of critical frequency and galactic noise 
from the satellite directly to any ground station using a simple antenna-UHF receiver-modem-PC 
configuration with the appropriate software.
2.7.8 Conclusions regarding memory and data transfer.
It has been found in this section (2.7) that the bottle neck in data handling is due to the limitation of 
the micro satellite UHF and S band down link capability.
Transferring raw data to the ground from the digitised output of an Inphase and Quadrature detector, 
for processing into ionograms, requires two ground stations using an S band down link. One station 
can be used if only the magnitude data is transferred or the sounding rate is halved. Of course these 
are the worst cases and it should be possible to reduce the data load by at least a tenth if software 
algorithms are uploaded to the satellite to process the data into electron density profiles prior to 
transmission. This of course would be an ongoing process and the software would need refining as 
more data is collected at the ground station.
It has been shown that using the ADM method it is possible to provide critical frequency maps 
covering 30 days of data that can be down loaded from the satellite in one pass using a typical UHF 
down link. Of course the same maps could be produced from processed electron density profiles on 
the satellite, but these would not have the same high sampling rate.
Therefore any one method could be adopted for a continuous sounding experiment, or several could 
be selected as experimental requirements changed.
2.8 Conclusions
It can be seen from observations and calculations in sections 2.1 and 2.2 that by placing the satellite in 
an 800 km orbit and using improved techniques to reduce the receivers S/N and bandwidth it is 
possible to provide an overall gain of at least 24 dB to the link budget.
As the system requires circular polarisation and minimal side lobe propagation a study of electrically 
short antennas was undertaken in section 2.3. It was found that the losses became proportionally 
higher as the frequency was reduced at the low frequency end of the sweep.
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To minimise the low frequency losses a matching network was studied in section 2.4.
From all these observations and results the transmitter power requirements were analysed. The
analysis was developed in 2.5 and gives the link budget requirements for the proposed microsatellite 
topside sounder.
In section 2.6 the available average DC power on the satellite was checked against the payload 
requirements. It was concluded that all the proposed sounder payload configurations were feasible 
with some compromises explained in section 2.6.2. Also it was pointed out that as the batteries and 
solar panels degrade, mission life can be extended by, for example, halving the sampling rate. This 
would still be faster than any previous mission.
Finally in section 2.7 the satellite memory and data transfer was studied. Again with some
compromise in sampling rates or the use of several ground stations it would be feasible for all modes 
of operation on the proposed satellite. It was also noted that single ground station operation is only 
possible if Zip data compression is used.
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Previously unpublished digital ionograms from the National Space Science Data Center at NASA are 
reproduced displaying varying levels of complexity. These ‘pictures’ are interpreted and the topside 
ionosphere is characterised. A global look at topside spread echoes is included.
Also in this investigation the effects of wave polarisation, pulse dispersion and ionospheric bandwidth
an advanced digital sounder for autonomous data processing on a microsatellite.
in chapter four.
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The Topside Ionosphere
In the topside ionosphere “ Very little information exists about small scale irregularities, about their 
morphology and global distribution.” Denisenko [1992], Rostov University.
This chapter reviews the literature and characterises the topside ionosphere. From observations on 
wave propagation and pulse dispersion conclusions are drawn which support the initial feasibility 
study of required transmitter power in chapter two and the dispersion method proposals in chapter 
four.
3.1 An Introduction to Topside Ionograms
The digital topside ionograms used in this chapter to illustrate various modes of propagation have only 
recently become available from the National Space Science Data Center (NSSDC) at Goddard, USA, 
via the Internet (Benson 1996). The Ionograms that have been digitised so far and used in this thesis 
cover an area of 30° South to approximately 90° North, and from 30° - 130° West (see chapter five, 
figure 5-6).
The basic features of topside ionograms include vertical reflection traces, many unusual modes of 
propagation due to irregularities, and ionospheric resonances. The irregularities tend to develop in 
unstable conditions such as perpendicular gravity and magnetic fields or strong ion drifts associated 
with electron density gradients. A composite picture of ionospheric irregularities is published in 
‘ionosphere from space’ by Bauer [1990].
An important feature of any ionogram whether ground based or topside is that it shows the existance 
of two types of wave at any given frequency which propagate with different velocities and reflection 
coefficients. These are the ‘O’ ordinary and ‘X’ extraordinary waves.
Bradley gives a succinct description of the process which results in the generation of these waves from 
a single original wave:
‘When a linearly polarised wave passes through an assembly of charged particles in the presence of a 
magnetic field it causes them to spiral around the field lines. They then reradiate wavelets in which 
the electric field rotates. The composite wave which results when these wavelets add to the original 
wave has it’s electric field rotating so that the polarisation is different from that of the original wave. 
I f the original wave has it’s electric field rotating in a certain way it makes the charge rotate in the 
same way, they reradiate wavelets with the same kind of wave whose field also rotates in the same 
kind of way. In this case the polarisation has not been changed, and the wave is characteristically 
ordinary (O) wave. A second characteristic extraordinary (X) wave is possible in which the rotation 
is in the opposite sense. ’ [Bradley 1996].
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In the case o f  no collisions with ions in the plasma the two waves are found to be orthogonally 
polarised. With propagation along the magnetic field lines the two magnetoionic waves are circularly 
polarised. With transverse propagation the ordinary wave is linearly polarised with it’s electric vector 
parallel to the imposed magnetic field. In between these cases the waves are elliptically polarised.
The lonogram - Figure 3-1 is a typical mid latitude specular ionogram from 32° North and 67° West 
taken from the ISIS 2 satellite on the 11th o f November 1971. It has very few complex or anomalous 
features and is therefore ideal for describing the main characteristics o f topside propagation. The 
reflected O wave is indicated as a trace starting at fN (the electron plasma frequency), this can also be 
designated f0 which is the O wave cut-off frequency, or the lowest frequency at which the wave will 
propagate. This trace then finishes at the foF2 critical frequency. The X wave starts propagating
from the satellite at the X cut-off frequency fx and finishes at the fxF2 critical frequency. The Z wave
is defined as a slow branch o f the extraordinary wave and starts at fz .
The ionospheric plasma resonances fH and fT are the electron gyrofrequency and the upper hybrid 
frequency. 2fH is a harmonic o f the electron gyro frequency. More detail about ionospheric
resonances and harmonics will be given in section 3.4.
Figure 3-1 A typical mid Latitude ISIS 2 lonogram.
(See text for explanation of labels.)
The ionosphere acts as a screen from signals propagating from the ground below the critical 
frequencies. A band o f noise between 8.5 and 10 MHz is characteristic o f HF signals (mainly
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broadcast stations) propagating to the satellite below this frequency. Also noted is the noise band 
between fN and fT (1 and 1.25 MHz) which is received by the sounder from reflected Z wave energy. 
An indication to the strength of the transmitted signals are the observed ground reflections at the 
satellite.
3.2 Reflections from vertically propagating waves
It is desirable to keep obliquely propagated waves and other unusual modes of propagation to a 
minimum if simple traces are to be obtained. These vertical traces produce simple ionograms (figure 
3-1) and provide the best means of on-board processing by the satellites dedicated computers. It will 
be seen in this section that other effects due to pulse spreading produce complications to the reflected 
trace.
To maximise the satellite’s ability to process these vertical traces it is required to pre-process the ‘O’ 
and ‘X’ wave signal returns. Therefore the effects of vertically propagating waves in the ionosphere 
and their interaction between the antenna and the wave polarisation is studied.
3.2.1 Antenna ionosphere polarisation matching
The Earth’s magnetic field causes the ionosphere to be a birefringent medium (double refracting) 
breaking up plane polarised waves into what are known as ordinary (O) and extraordinary (X) waves. 
These waves have amplitudes dependent on polarisation and having electric field vectors that in 
general rotate in opposite directions and they have slightly different refractive indices [Goodman 
1992], This splitting effect generally produces circular polarised waves. This causes a loss in the 
link budget because of the consequent polarisation mismatch to the antenna used. If the propagating 
waves are truly circular then the loss will be 3dB due to the power being equally divided between each 
wave. This process is the cause of Faraday rotation of a linearly polarised vector through the 
ionosphere. The refractive index for the O and X waves are designated p0 and px. When the pulse of 
a radio wave which is vertically incident on the ionosphere travels to the level where p — 0 then it is 
reflected. Taking the Earth’s magnetic field into account we can see from the Appleton-Hartree 
equation [Davies 1990] that three interesting cases can be observed.
• At the magnetic poles (with parallel propagation).
• At the magnetic equator (with perpendicular propagation).
• At the mid latitudes.
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3.2.1.1 With parallel propagation
With parallel, or longitudinal propagation (e.g. vertical propagation at a magnetic pole) the Appleton- 
Hartree equation implies that there is no reflection of the O wave. In practice the angle of propagation 
is never zero and some propagation will exist. Parallel propagation produces clockwise rotation of the 
X wave, where anti-parallel produces counter clockwise rotation [Goodman 1992] [McNamara 1994], 
In theory looking down on the North magnetic pole from a satellite with a clockwise propagating 
wave, only the X wave will propagate. Similarly at the South magnetic pole the O wave will 
propagate. Using a counter clockwise propagating wave only the O wave will propagate at the North 
magnetic pole and the X wave at the South.
3.2.1.2 With perpendicular propagation
With perpendicular, or transverse propagation (e.g. vertical propagation at the magnetic equator) the O 
wave is linearly polarised and behaves as if there were no magnetic field. The X wave is still effected 
by the magnetic field. Theoretically if the rotation of a propagating wave from a satellite is either 
clockwise or counter clockwise the O and X waves are excited equally. In this case a linearly 
polarised antenna pointing North-South will excite the O wave and an East-West antenna the X wave.
3.2.1.3 A t mid-latitudes
At mid latitudes with a vertically incident wave the polarisation is characteristically elliptical. As the 
frequency increases the polarisation tends towards circular, and again the amplitudes of the two waves 
becomes equal [Davies 1990]. Reinisch and Xeuqin [1982] in developing a method for the automatic 
calculation of electron density profiles from a selection of ionograms commented about the O and X 
waves: ‘in the average both polarisations have about the same signal strength’.
Figure 3-2 shows time/amplitude plots for a mid latitude digital ISIS-2 ionogram where the 
transmission and reception is both vertical and linear. It can be clearly seen here that the amplitude of 
both the O and X waves are the same at 1180 ps from this point of the sweep (at approximately 6 
MHz) until 1220 ps where the dispersion begins to increase at the cusp.
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Numbers in Italics represent time in micro 
seconds from start of sounding sweep.
Numbers in regular type represent Group 
delay in milli-seconds from the start of each 
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Figure 3-2 A portion of a mid latitude ISIS 2 Ionogram taken from figure 3-1 
at the Cusp, with the amplitude-time plots (A-scan) displayed.
3.2.2 Ionogram trace spreading
Vertically propagating echoes can have large spreading effects on the ionogram trace due to severe 
spread-F on or near the penetrating frequencies [Hagg 1969]. This effect can be clearly seen in figure 
3-3 where the ‘X ’ trace has spread significantly in thickness along with spread-F at the cusp making 
the ionogram interpretation more difficult.
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Figure 3-3 Mid Latitude ISIS 2 Ionogram from the 28th June 1975 
at 57 West, 56" North illustrating the spreading ionogram trace.
3.2.3 Multiple reflections
At high latitudes reflections from a sporadic-E (Eg) cloud can sometimes be observed. This causes 
multiple reflections from both the Eg vertical returned signal and from the oblique F layer where the 
Eg electron density is higher than the F region [Jelly 1969].
3.2.4 Sideband structures
Warnock [1969] observes that “intense features on topside ionograms are resolved into components 
corresponding to the carrier and sidebands o f the transmitted frequency spectrum”. This has been 
observed as multiple ‘fingers’ (up to nine have been observed) either side o f plasma resonances. It 
has also been noted that several ‘sidebands’ can accompany the O and X traces. In a traditional 
amplitude modulated signal the maximum power in the sidebands cannot exceed 33%. If this 
situation can be taken to be analogous then one could deduce that the relative intensity o f the 
sidebands should be such that any one sideband would be no more than 15% (-8dB) o f the ‘carrier’ or 
central resonant trace. If these sidebands are in fact due to non-linear effects occuring in the 
ionosphere where a power o f 400 watts is applied, it shows that powers less than 400 watts are to be 
desired in order to minimise these effects. The power on ISIS 2 was thus probably excessive in some 
instances.
15 —
FREQUENCY (MHz)
1.5 2 4
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3.3 Reflections from non-vertical propagating waves
3.3.1 The antenna ionosphere interaction
The five ISIS 2 ionograms in figure 3-5 are from a 1400 km circular orbit in a longitudinal pass at 68° 
West, over a period of 180 seconds, from 27° to 37° North.
Propagation losses can be severe if the antennas are not parallel to the reflecting ionosphere. The 
losses occur here when the transmitted and received signals are not from the main propagating lobe of 
the antenna. Figure 3-5 illustrates this signal fading when the ISIS 2 satellite was in its cartwheel 
mode of operation (see figure 3-4).
Figure 3-4 ISIS 2 satellite with both antennas at optimum 
propagation in the cartwheel sounding mode.
In this mode the satellite was allowed to tumble with its antennas in the vertical plain instead of the 
normal horizontal (or parallel) to the reflecting ionosphere. The plots show a distinct loss of trace at 
the low and high frequency reflections. This happens as the high and low frequency antennas, rotating 
with the satellite, pass from parallel to perpendicular with the reflecting ionosphere.
The cartwheel mode was useful for investigating the interaction of the ionosphere with the antenna 
and its propagation effects. It can be clearly seen that for optimum sounding the use of parallel 
antennas, preferably with circular polarisation, is the best choice for minimum losses in the link 
budget.
A further conclusion is drawn that backs up the observation made in section 3.2.3 that lower power 
working is possible. In figure 3-5 it can be seen that at 90 seconds into the satellite pass almost a 
complete ionogram was produced. The ionogram trace in this group shows the least signal losses, and 
at this point it is suggested that the two sets of antennas are at 45° to the ionosphere (see figure 3-4). 
If this is the case then the loss to the link budget could exceed a lOdB ionosphere - antenna 
propagation matching loss due to antenna pointing. This indicates that if ISIS 2 had remained with its
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antennas parallel to the reflecting ionosphere traces could have been received with a transmitter power 
o f only 40 watts.
FREQUENCY (MHz)
0.5 1 1.5 2 4 6 8
Figure 3-5 A series of ISIS-2 mid latitude Ionograms taken over a period of 180 seconds 
showing the satellites propagation characteristic whilst in cartwheel mode.
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3.3.2 Oblique Reflections
In the last ionogram of figure 3-5, (180 seconds into the satellite pass) three horizontal traces can be 
clearly seen. The ionogram no longer has just the O and X trace of the 90 second ionogram but has a 
third reflection which is due to oblique reflections. This is an undesirable feature when automatic 
processing is required and illustrates the need for the satellites antennas to always be parallel to the 
ionosphere to reduce anomalous reflections,
3.3.3 Field aligned spread echoes
There appear to be two major types of magnetic field-aligned ionisation irregularities : a thick type 
and a thin type [Muldrew 1969]. These ducted irregularities cause spread-F (a more correct term for 
the topside is spread echoes) and show up as diffuse echoes on the ionogram. (See figure 3-6),
3.3.3.1 Thick magnetic field-aligned irregularities
Direct-ducted echoes occur when the satellite passes through a ducting irregularity. Since all the 
satellite’s energy is ducted away and reflected back with very little geometric loss they are very 
intense [Calvert 1964]. Very long returning echoes from an ‘ionisation duct’ can confuse the topside 
ionogram. These ducts, at least one wavelength wide, have been observed in many orbits including 
heights of 1000 km. The echoes which travel along field-aligned ducts, can be several hops from each 
hemisphere to the satellite. 11 hops have been observed on one occasion [Muldrew 1969].
Sometimes these ducts can be some distance from the satellite’s orbit and Spread-F has been observed 
from reflections within these ducts returning to the satellite. This has been termed the ‘combination 
mode’ and it has been postulated that this is the main reason for spread-F on topside ionograms 
[Calvert 1964] [Muldrew 1969].
Troughs and crests have been observed along the magnetic equator [Eccles 1969]. These are produced 
by thick magnetic field-aligned irregularities tens or hundreds of kilometres long. These irregularities 
have also been seen to occur near the auroral zone. Continuous fixed frequency soundings giving a 
good spatial resolution have shown that electron density gradients vary by as much as 60% per km at 
the edge of a large trough [Jackson 1969].
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Figure 3-6 Low Latitude ISIS 2 Ionogram from the 3&h December 1983 at 
97c West, 31 North, giving the interpretation of various ionogram traces.
3.3.3.2 Thin magnetic field-aligned irregularity
Thin magnetic field-aligned irregularities can be a few metres wide to a few hundred metres wide and 
maybe extending thousands o f kilometres along a field line [Calvert 1964]. At high latitudes it has a 
tubular cross section and an electron density higher or lower than ambient. Very narrow tubes called a 
‘mini-trough’ 2 km across have been observed with electron densities varying by as much as 40% to 
the normal [Muldrew 1969]. Troughs have been discovered by oblique echoes and spread-F to cover 
only a few degrees o f latitude. They are caused by “propagation in which the energy is trapped by 
field-aligned ducts, or sheets o f ionisation” [Jelly 1969]. At Low latitudes an electron density 
deviation o f less than 1% has been observed [Muldrew 1969].
3.3.4 Back Scatter Spread Echoes
From the high latitude region back-scatter occurs from irregularities in regions 100 to 200 km thick 
and at right angles to the field [Muldrew 1969]. Figure 3-7 is a high latitude ionogram illustrating the 
severe spread echoes from back scatter propagation.
From the low-latitude equatorial regions back-scatter occurs in field-aligned irregularities o f about 40 
km thick. Figure 3-6 illustrates the typical low latitude back scatter ionogram. This can be seen as a 
curved cloud between 0 and 10 ms and between 1.5 and 4 MHz.
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Figure 3-7 High Latitude ISIS 2 lonogram from the 20th March 1978 
at 59 West, 62° North illustrating severe back scatter echoes.
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3.3.5 Regional effects of Spread-F
Figure 3-8 reproduces Wakai and Matura’s [1980] global map for the probability that topside spread 
echoes will occur at night time between 1800 and 0600 hours LT (local time). These results were 
calculated over the time period from the 1 It*1 o f August to the 12th o f December 1978. A full set o f  
distributions were produced from the ISS b satellite, which showed that generally in the lower latitude 
region the probability o f spread echoes was higher at night time between 2000 and 2200 LT, and 0200 
to 0400 LT. During the daytime however it was the higher latitude regions that exhibited a greater 
probability o f spread echoes.
These spread echo results appear to be consistent with scintillation measurements mapped by Aarons 
[1982]. From Aarons ground based results and those measured by the ISS b satellite it has been 
determined that a high probability o f spread echoes will occur over no more than about 30% o f the 
globe. In general this is the polar regions, some o f which is not covered by the satellite, and over the 
equatorial anomaly in the Atlantic ocean and Africa as seen in figure 3-8.
Aarons has shown that scintillation in the ionosphere causes large variations in signal amplitude which 
effects high frequency communications between the ground and space. It is therefore noted that 
global spread echo mapping from a satellite can be useful in planning high frequency (VHF and 
above) satellite communications.
It was shown by Jelly [1969], from early Alouette 1 observations, that there is an abrupt transition 
over a few degrees o f latitude from a quiet spectral ionosphere to one exhibiting spread-F. His
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observations are from ionograms between 50.5° and 55.5° South in a longitudinal pass o f 
approximately 128° East.
(deg) Geographic Latitude
180 -90 0 90 180
Geographic Longitude (deg)
Figure 3-8 Global distribution for the probability of topside spread echoes at night time 
(1000 - 0600 Local time ). [From Wakai and Matura 1980]
Previously unpublished digital ionograms for a similar abrupt transition are made here for a 6 degree 
latitudinal pass from an ISIS 2 satellite. These observations are displayed in figure 3-9 where 
soundings were taken on the 20th March 1978 at a longitudinal pass o f  59° West. These follow In 
sequence from the top, 33.8°, 35.1°,38.5° and 39.7° North. An abrupt change is noted between the 
second and third ionograms which are separated by only 3° o f longitude.
It is therefore probable that the ionosphere can be characterised as having areas o f spread-F and 
specular reflection with a sharp geographic boundary.
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Figure 3-9 ISIS 2 ionograms on the 2Cfh March 1978 at 59 West. These 
follow In sequence from the top 33.8 , 35.1,38.5° and 39.7 North. The 
ionograms illustrate the abrupt change in ionospheric conditions from a 
specular to spread-F ionosphere within a few degrees.
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3.3.6 Scattered Z-wave propagation
The Z-wave is the slow, lower branch of the X (extraordinary) wave that is due to the sounder’s 
transmitter being immersed in the ionosphere. Z-waves propagate at low frequencies below fT (the 
upper hybrid frequency). Recently the scattering of Z-waves on topside ionograms has been compared 
with studies of spread-F due to irregularities in the upper ionosphere. It has been observed that on a 
global scale there is correlation between the two. Denisenko [1992] suggests that this could become a 
means of global mapping of small scale irregularities, improved by observing the signals amplitude, 
Doppler frequency and spread. The power of the scattered signal indicates the level of irregularities 
which were measured from between 10 and 100 metres wide using this method [Denisenko 1993].
3.3.7 Whistler Mode
Whistler mode is the name given to the lower branch of the ordinary wave. Reflections of whistler 
mode from the Earth are rare, and occur at wavelengths below the plasma or gyro frequency. These 
have been observed on several occasions at high-latitudes and on cold mornings. At these low 
frequencies right hand polarised waves propagate down to a height where the plasma frequency equals 
the propagating frequency. If this occurs at a height of about 100 km or lower where there are enough 
electron-neutral collisions then the wave can couple into the right hand polarised extraordinary wave 
and propagate down to the earth. The waves are then reflected and return by a similar means. 
Broadcast transmissions at very low frequencies have also propagated to the satellite using this mode 
[Muldrew 1969] [Hagg 1969].
3.4 Ionospheric Resonances
Ionospheric plasma resonances excited by the sounder transmitter cause oscillations in the electron 
gas in the neighbourhood of the antenna. These appear as spikes on the ionogram (see figures 3-1 and 
10). Oscillations only exist at certain frequencies and certain directions. At the plasma frequency 
and at the gyro frequency resonances occur only along the Earth’s magnetic field. Harmonics of the 
gyro frequency and the hybrid frequency can persist only across the field [Calvert 1964] [Hagg 1969]. 
The understanding of plasma resonances within the ionosphere has real value in the interpretation and 
processing of ionograms. For instance the ionogram in figure 3-10 is very complex compared to 
figure 3-1. It shows very little vertical trace reflection, and the O and X critical frequencies are 
difficult to determine by observation.
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Figure 3-10 Equatorial ISIS 2 lonogram from the 28th June 1975 at 83 West, 
15 South illustrating harmonic plasma resonance features.
One useful equation [Hagg 1969] for determining the difference between the critical frequencies is :
fxF2-foF2* f H/ 2  3.1
where fxF2 is the X wave critical frequency, foF2 is the O wave critical frequency and f H is the gyro 
frequency. Another useful parameter is the O wave cut-off frequency f 0. This is required for the 
starting point of the electron density profile. This cannot be read directly from the ionogram as the 
initial trace is masked by the noise below the upper hybrid frequency, f T. We do however know that 
the plasma frequency f N is the same asf 0. We shall therefore set out to determine the plasma and gyro 
frequencies.
Several observations can be made :
The upper hybrid frequency (fT)
• There is a band of noise between about 1 and 1.25 MHz. - This is a good indication that fT is the 
spike at 1.22 MHz, just before the 1.25 MHz marker. (These observations are easier to see when 
the ionogram is displayed in colour, as the signal amplitude has a greater resolution and the origin 
of the spike easier to identify).
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• The other boundary of the noise indicates either the fN (plasma frequency) or fz (Z wave cut off 
frequency).
The Z wave cut off frequency (fz)
• fz can be roughly determined by observing the cut off trace of the Z wave at approximately 0.9 
MHz.
• This will be verified in calculating fH and verifying from its harmonics.
The X  wave cut off frequency (fx)
• fx is easy to determine by observation, being the X wave cut off frequency at 1.39 MHz.
The electron gyro frequency (fH)
• We can estimate fH from [Hagg 1969] : fH = fx - fz * 1.39 - 0.9 » 0.49 MHz 3.2
• There are many resonance spikes up to about 6MHz. These will be harmonics of the fH (gyro 
frequency) as the fT harmonics never exceed 4fT. We can also note at this stage that from 
experience if fT is greater than 2fH then there will be no 3fT, 4fT, 3fN, or 4fN harmonics present.
• By observation the last harmonic is about 5.84 MHz. As 5.84 / 12 — 0.49 MHz, and the last but 
one is 5.375 MHz and 5.375 / 11 = 0.49 MHz. We can assume therefore that our supposition that 
fH = 0.49 MHz is correct to two decimal places and therefore that fz is also correct.
• As it happens f H is at a very low frequency and is not easily observed in the ionogram.
• It is worth noting that Lockwood [1965] has observed that if the foF2 is high and the sounders 
antennas are parallel to the magnetic field, many harmonics of the gyro frequency will be observed 
on the ionogram.
• We can label all the gyro frequency harmonics ( 2fH to 12fH ).
The plasma frequency (fN)
• It is worth noting that fN = f0 (the O wave cut off frequency).
• We can estimate fN (the plasma frequency) from the Appleton-Hartree equations :
= (fx [fx~fH] f 2 3.3
or fN = ( fz [fz - f H] f  3.4
• As fx is more easily observed from figure 3-10 the plasma frequency fN = 1.12 MHz.
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The unknown resonance frequencies (?)
• There are several unknown resonances (?) just before the 0.75 MHz marker. It is also observed 
that there are spread echoes at these resonances which has a non linear effect on any signals 
present. Therefore it is postulated that these resonance spikes could be sub harmonics and 
difference signals of the plasma resonances f H, f T and f N) , or the cut-off frequency f x .
• By careful observation it can be seen that these two spikes are at about 0.68 and 0.71 MHz. It is 
possible that they could be generated by :
• fu - fn = 0.63 MHz
• 1/2 x f x = 0.69 MHz
• 3/2 x /H = 0.73 MHz
This examination of the complex ionogram in figure 3-10 is only one of many possible methods that 
can be employed. Further details can be found from Hagg [1969] and Davies [1990].
It can be concluded that the measurement of resonant frequencies and noise at the satellite will 
improve the interpretation of ionograms. This information will simplify the on-board processing of 
complex ionograms by establishing cut-off and critical frequencies.
3-18
Chapter 3 : The Topside Ionosphere
3.5 Dispersion of pulses by Ionospheric reflection
A study into the dispersive qualities of the ionosphere from previous observations and ionograms is 
developed in section 3.5.1. Section 3.5.2 then quantifies the expected ionospheric bandwidth so that 
the minimum pulse length can be selected that will provide maximum accuracy of dispersion and 
range reading.
3.5.1 The observed effects of ionospheric dispersion.
3.5.1.1 Comparing Ionogram Observations
Using frequency dispersion as a means of finding the critical frequency it is necessary to understand 
the nature of the dispersion on and before the cusp region in order to select the optimum detection 
scheme. Unfortunately the author knows of no research that has been published concerning frequency 
dispersion above the ionosphere as seen from a topside sounding satellite. It can be seen though that 
the slope of the topside and bottomside ionograms at the foF2 critical frequency cusp are similar. It is 
possible to use this observation to estimate maximum values of dispersion that can be expected around 
this cusp from measurements made on the ground and by gradients observed from previous topside 
sounding ionograms.
It has been shown [Salous 1989] that non linearity of the phase time delay verses plasma frequency of 
the ionospheric medium results in dispersion. This is especially noticeable for reflection near the 
maximum electron density of the ionospheric F2 layer. The effect of this dispersion has been shown 
previously both by simulation, calculation and imperical measurement [Salous 1989] to be a 
broadening and amplitude reduction of the reflected pulse. Dispersion is conveniently measured as 
group delay versus frequency (fis/MHz) or in distance versus frequency (km/MHz) and is due to the 
electron density gradient, being measured as the slope of the ionogram.
3.5.1.2 Previous Dispersion Results near the Cusp
Actual precise measurement of the foF2 is hindered by the very large dispersions encountered by short 
pulses being reflected at the electron density maximum. Short pulses are used in an attempt to 
improve range resolution (measurement between consecutive targets). Long pulses will mask a target 
that is close to a previous one. This is because a 100 ps pulse will stretch over at least 30 km and mask 
a distance of 15 km. Accuracy is usually improved by extrapolating the curve using either a computer 
or a trained operator to interpret the ionogram.
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Downing [1979] in his paper on digitising a conventional ground ionosonde considered the dispersion 
on approaching the ionospheric foF2 cusp to be 10 - 100 km/MHz. Salous [1989] observed 
dispersions approaching 600 ps/MHz (180km/MHz) from the F2 layer during a one off measurement 
made using a swept frequency sounder on the F2 layer in the United Kingdom during the daytime 
summer of 1989. Salous [1994] again observed dispersions of up to 1000p,s/MHz (300km/MHz). 
Namozov [1984] in his rigorous mathematical approach in a paper ‘Distortions of a Radio Pulse Upon 
Reflection from the Region of the Ionospheric Maximum’ calculated that a 400 p.s pulse would spread 
up to 4 times the transmitted width with a 50% reduction in amplitude on approach of the ionospheric 
cusp. The envelopes he produced indicated a theoretical dispersive value of about 150 km/MHz at 
about 95% of the critical frequency, 800 km/MHz at 99%, and 4000 just prior to the cusp.
3.5.1.3 Topside Observations at the Cusp
Observations made from topside ionograms covering the period of 1962 to 1980 with critical 
frequencies between 4 MHz and 9 MHz show a range of dispersions from 200 to 450 km/MHz (666 - 
1500 jus/MHz) for the 95% foF2 value.
3.5.1.4 Dispersion at the ‘Flat’ gradient
It can be seen from figure 3-11 that the lowest dispersion on the topside ionogram corresponds to the 
long flat gradient approaching the cusp. There is no similar gradient on the bottomside vertical 
ionogram. A short region of low dispersion can be observed and again Salous [1989] measured 
dispersion as low as 16 ps/MHz (4.8 km/MHz).
Observations made from the topside ionograms shows a narrow range of dispersions from 50 - 100 
km/MHz (160 - 330 jus/MHz) and even on the lower foF2 frequencies observed, the gradient is spread 
over at least 2 MHz of the ionogram.
3.5.1.5 Applying the effects o f dispersion
To enable the initial coarse search algorithm to find the ‘flat’ gradient before the cusp region it is 
necessary to detect low dispersion pulse returns in the order of 0 to 200 km/MHz (650ps/MHz). The 
maximum value of this region relates to the minimum dispersion found in the 95% foF2 region of the 
topside ionogram. This value is higher than ground based values, but it is found that the elevated ‘flat’ 
gradient of the topside ionogram effects the 95% foF2 point, making it higher than ground values.
The second area to be detected covers 200 - 600 km/MHz (650-2000 ps/MHz) and is the observed 
average 95% foF2 value of 350 km/MHz (1150 ps/MHz).
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The last area to be observed is the dispersion values above 600 km/MHz. It should be noted that pulse 
distortions will vary depending on the length o f pulse. For example, long 1ms pulses will not be 
dispersed significantly at 600 km/MHz and it would therefore be sensible not to switch long pulses in 
until this last region is detected.
A diagram explaining the positioning o f these regions around the ionogram cusp is shown in figure 
3-11. The diagram also indicates the frequency range o f between 100 and 750 kHz observed over the 
last 5% o f the ionogram. This relates to a critical frequency range o f typically 1 to 15 MHz over the 
mid latitude regions o f the globe.
p a r t  o f  t o p s i d e  I o n o g r a m
Tripulse ‘Q ’ channel detector output
Earth returns foF2 99% foF;
^ • f l a t  re g io n ’ 100 - 750 kHz
km ' :
^  frequency MHz j
D isp e rsio n
(km/MHz) 95% foF2 : |  ‘cu sp 1 
100%foF2i
km/MHz
Figure 3-11 Diagrams showing the optimum detection scheme in relation to dispersion values 
on the characteristic flat/cusp regions of the topside ionogram.
3.5.2 Ionospheric Bandwidth
For the ionosphere to reflect a transmitted pulse, the width o f the dispersed pulse must be larger than 
the Ionospheric channel bandwidth.
The calculations o f Inston [ l 969] (section 3.5.2.1) and Sollfrey [1965] (3.5.2.2) are converted into the 
point at which the 3dB pulse bandwidth equals the Ionospheric bandwidth and are plotted in figure 3- 
12 (3.5.2.4) along with a simplified calculation by the author (3.5.2.3). It can be seen that Sollfrey’s 
value is close to the authors, whereas Inston’s value is a little larger. Sollfrey used a rectangular pulse 
in his calculations whereas Inston used a Gaussian pulse which may account for the differences.
Most investigations into the Ionospheric bandwidth have been undertaken in an attempt to discover 
how broad a bandwidth (narrowest pulses) can be supported for spread spectrum and digital 
communication purposes. Salous [1989] in his measurements on “narrow pulse distortion over a 
short HF sky wave link” supports both Inston’s and Sollfrey’s work.
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3.5.2.1 Sollfreyys ionospheric bandwidth limits
From Sollfrey [1965] equation (27) and (28) for a rectangular pulse:
B0 = (2/a)y‘ 3.5
Ts = 1 . 2 /B a = 0 .8 4 9 (a )  'A 3.6
where B0 is the channel bandwidth of the transmission medium, Ts in j_is is taken as the narrowest
received pulse (Ts is taken between the pulse half voltage points) supported, and a  is the absolute
value of the time delay versus frequency in ps/MHz.
For K in km/MHz the equation then becomes :
Ts = 0 .8 4 9 (3 .3 3  X a) 1/2 = 1 . 5 5 ( K ) Vz 3.7
3.5.2.2 Inston’s ionospheric bandwidth limits
From Inston’s [1969] equation (23) for a Gaussian pulse where T is in ps :
)
T = 2.26 (a) 1/2 3.8
Converting to the equivalent half voltage points the pulse bandwidth becomes :
Tj = 2 .2 6  (a ) n  X [ 1  / ( 1 .2  X  (2 ) V2) ]  = 1 .3 2 2  (a) Vz 3.9
For AT in km/MHz the equation then becomes :
f  = 1 .3 2 2 (3 .3 3  X a ) 1/2 =  2 . 4 1 ( K ) /2 3.10
3.5.2.3 Estimated ionospheric bandwidth limits
A new simplified approach to estimating the ionospheric bandwidth is as follows :
Using the basic formulae : Bp & 1/Tp 3.11
Where Bp is the 3dB Pulse bandwidth in Hz, and Tp is the Pulse width in seconds.
R(j = Bp x X(j 3.12
Where Rc\ is the Dispersive Range in metres, and Xrf is the ionospheric slope (dh/df) in metres/Hz.
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Td = RdX(l/c) 3.13
Also Td is the Dispersive time delay in seconds, and c is the speed o f light at 3x10e8 metres/sec.
Now at the 3dB lim it: Tp = Td 3.14
From 3.13 : Tp = Rdx (1/c) 3.15
and from 3.12: Tp = Bp XXdx (1/c) 3.16
also from 3.11 Tp = (1/Tp) xXdx (1/c) 3.17
Rearranging 3.17: Tp2 =Xd/c 3.18
Finally where Tp is taken as the narrowest received pulse (Ts is taken between the pulse half voltage
points) supported for the dispersive slope {K) in km per MHz
Tp = 1.83 (k/ 2 3.19
3.5.2.4 Comparative ionospheric bandwidth limits
It has been estimated in section 3.5.1.5 that the maximum dispersion expected at the F2 critical 
frequency cusp will be 1000 km/MHz. From figure 3-12 it has been estimated that a 50ps pulse will 
be reflected by a 1500 km/MHz or lower dispersive ionosphere. It is therefore suggested that the 
minimum pulse width used for sounding should be 50ps.
P o in t a t w h ic h  th e  io n o s p h e r ic  c h a n n e l b a n d w id th  
s u p p o r ts  th e  p u ls e  b a n d w id th
0
0 500 1000 1500 2000 2500
slope (km /M Hz)
Figure 3-12 Calculated Ionospheric bandwidths
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3.6 Conclusions
In this chapter we draw several conclusions.
Firstly it is beneficial to be able to separate the reflected O and X wave traces by detecting the wave 
polarisation for simpler data processing with improved accuracy. This can be achieved using crossed 
dipole antennas (see sections 4.5.2.1 and 6.6.3.).
Secondly it has been noted that when the ISIS 2 satellite was in its ‘cartwheel mode’ of operation 
some reasonable ionograms were produced. From this we predict that lower power working could be 
possible if the satellite attitude was stabilised. It was also concluded that lower power working was in 
fact desirable from observing the ‘sidebands’ produced on some ISIS 2 ionograms.
The detection of spread echoes, due to ionospheric disturbances, can determine over which regions of 
the topside ionosphere direct measurements can be relied upon to determine critical frequency. The 
detection of resonances gives additional predictions of for example the difference between foF2 and 
fxF2. This is also important when direct observations of the critical frequencies are obscured by noise 
at the cusp.
Finally it has been suggested that by measuring the dispersion from a 50ps pulse from the returning 
wave fronts it is possible to detect and track the critical frequency.
An investigation into spread echoes (spread-F) introduces the expected global boundaries.
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This chapter expounds the theory of coherent detection using an Inphase and Quadrature coherent 
detector. It shows that by developing advanced and new DSP techniques it is possible to maintain 
coherence in such a detector even though the sounding platform is moving and receives scattered 
pulse returns.
The distorting effects of the topside ionosphere on pulses were studied in Chapter 3. In this chapter a 
fast and accurate critical frequency measurement system that is particularly suited for topside 
sounding on a microsatellite is proposed. The techniques employed in the proposed system deal 
with the distorting effects caused by dispersion together with the effects of cosmic noise and the 
polarisation rotation effects caused by the Faraday effect. The novel measurement technique is 
called the ‘Dispersion Method’. The simulations in this chapter indicate that this method of 
dispersion measurement is accurate for scatterers returned in a cone to the satellite on the topside of 
the ionosphere with a base area of 50 km radius, provided that a signal to noise ratio of 20dB in a 
20kHz bandwidth is available.
In Chapter 5 the results of this chapter are used to establish the size of the scattering area which needs 
to be considered in practice.
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Signal theory and Simulations
4.1 Coherent detection
It will be seen that coherent detection is an important process in the proposed system, just as it is in a 
coherent radar. The term “coherence” means that the phase of the transmitted signal is preserved in a 
reference signal with which the received signal is compared. The existence of this reference signal is 
the distinguishing feature of a coherent radar. Most recent ionospheric vertical sounding radars are 
coherent. Coherence is useful when the physical processes within the ionosphere are long lasting, 
especially at the F2 layer where plasma disturbances can last several milli-seconds [Nielson 1989]. 
Long lasting processes imply resonances with sharp frequency spectra and for such signals self­
coherence is maintained for a long time.
Whenever coherent detection is possible, in general a better signal to noise ratio can be obtained after 
detection. In the case of a topside sounder the satellite is moving with respect to the ionosphere and 
because of Doppler frequency shifts sufficient coherence to permit coherent detection cannot be 
assumed. Coherence in this case is retrieved either by phase locking the reference with a series of 
returning pulses or by using Digital Signal Processing (DSP) techniques as explained in section 4.1.2. 
The main problem with using multiple pulses to sound the ionosphere is that the time of the whole 
sweep would be increased in proportion to the number of pulses emitted at each frequency. This is 
undesirable if a good acceptable ‘picture’ is required in spite of the speed of the satellite. Typically 
for one frequency sweep the satellite would cover 200 km assuming each frequency are only pulsed 
once.
In the proposed microsatellite sounder a coherent Inphase and Quadrature receiver is to be used. The 
reference signal for both transmit and receive is obtained from a dual Direct Digital Synthesiser 
(DDS). This has outputs of 0° and +90° which are fed to two high level mixers to produce Inphase (I) 
and Quadrature (Q) output signals. A low pass switched capacitor filter rejects the sum frequency 
components enabling only the difference signals to be selected and fed to the Analogue to Digital 
convertor (A/D). In this way phase information can be retained in the receiver resulting in improved 
processing and analysis of the input signal. The proposed receiver architecture is shown in figure 4-1.
In figure 4-1 the detector can be said to be coherent if the output of the x(t) and y(t) channels give the 
real (Inphase) and imaginary (Quadrature) outputs of the original transmitted signal, in this case a 
pulse p(t).
p(t) can be represented as p(t) = a(t) cos [cot + 6(t)] 4.1
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where co is the carrier frequency, a(t) is the amplitude and Q(t) is the phase at time t.
* X(
*y(t)
Figure 4-1 Transmitted pulse p(t), ionosphere H(co) and Phase sensitive receiver
The Ionospheric transfer function H(co) modifies the pulse p(t) to r(t) which is what appears at the 
antenna of the receiver. Thus r(t) = a2(t) cos [cot + d2(t)] 4.2
where a2(t) and 02(t) are the modified signal amplitude and phase. Using a phase coherent receiver and
mixing the reference signal c(t) with r(t) produces sum and difference signals, where
c(t) = cos [cot - Oft)] 4.3
and 03 (t) is the phase shift of the reference signal.
The low pass filter removes the higher sum signals leaving the baseband signals x(t) and y(t), which 
are the difference signals only.
x(t) = lA aft) cos [02(t) + Oft)] 4.4
y(t) = V2 aft) sin [Oft) + Oft)] 4.5
Note that the carrier frequency completely disappears.
If the receiver is coherent and made to match the phase shift induced by the ionosphere, for example 
by the ‘rotation algorithm’ described later in this section, then at any moment in time
Oft) + Oft) — 0 4.6
and x(t) becomes the real Inphase component (I) and y(t) is the imaginary or the (Q) Quadrature
component.
The rotation algorithm allows coherent detection to be achieved in spite of the large phase shifts due 
to the long time delays and Doppler shifts on a signal reflected from the ionosphere.
4----- c(t)
90°l
4-3
Chapter 4 : Signal theory and Simulations
4.1.1 Complex signal representation
Complex signal representation is useful for simplifying the algebra of signal processing and analysis 
[Haykin 1994]. For example we can represent the outputs x(t) and y(t) in equations 4.4 and 4.5 as a 
complex one sided analytic signal w(t).
output is the real part v(t) of the input signal only. If 6 ~ 90° the output is j  v(t) which is the 
quadrature part only.
The receiver then becomes coherent. Otherwise both Inphase (I) and Quadrature (Q) components 
appear in both the output channels of figure 4-1. This process in essence is the same as described in 
the previous section 4.1.1. This means that the output is an exact replica of the input apart from a 
change in amplitude.
4.1.2. Removal of the phase error by Signal Processing.
Because all the information required to make the detector coherent is present in the x(t) and y(t) 
signals shown in figure 4-1, it is possible to remove any unwanted phase error by signal processing.
Figure 4-2 Complex representation of phase 
sensitive detector
v(0 „ w(t) |
From figure 4-2 it can be seen that w(t) = v(t) z*(t)
and z*(t) is the complex conjugate of z(t)
4.7
The received signal is v(t) = v(t) exp (jcoc t) 4.8
v(t) (coso)c t + j  sincoc t)
= v(real) + vflmaginary) 4.9
and the ref. signal is in two parts z(t) = expy (coc t + Q(t)) 4.10
therefore as w(t) = v(t) Z*(t)
— v(t) exp jojc t x exp j(-coc t + 0 (t)) 4.11
= v(t) exp j(9(t))
— v(t) (cos 0 (t) + j  sin 9 (t)) 4.12
Thus if 0(t) is chosen to be zero corresponding to the two signals v(t) and z(t) being in-phase, the
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The x(t) and y(t) signals are sampled using an Analogue to Digital converter (A/D) and the outputs X 
and Y are shown in figure 4-3. To enable coherent reception the signals must be phase rotated to 
produce the seperate Inphase (I) and Quadrature (Q) channels.
In practice we have two sets o f sampled signals from the X and Y channels (see figure 4-3 & 4-4) that 
are known to be in quadrature, but suffering from a phase rotation a  which corresponds to an 
unknown mixture o f original inphase and quadrature componants. This rotation or phase shift could be 
due to an unknown Doppler shift between the transmitted and received signals, coupled with unknown 
path delays.
The proposed solution to this problem relies on knowing that the mean o f the Quadrature signal 
should be zero and that the magnitude is always the same for any phase rotation.
x(0 .
X.. j------------ ► A/D — ... _
Signal is not 
coherent
y(t)
A/D
Signal 
Processing
------------------
Rotation 
Algorithm
= >  i
Q channel 
is now 
zero mean
Figure 4-3 Inphase and Quadrature detector with signal processing to remove phase error.
I f  the Q signal is not zero m ean then it m ust be 
m ixed w ith a proportion o f  the Inphase signal. 
To rotate the axis for zero quadrature the only 
inform ation available is the signal in the 
shifted X and Y channels. Firstly we need to 
find the m ean o f  both these signals and call 
them  Xm ean and Ym ean. From this 
inform ation the m agnitude or absolute value o f  
the signal m ean can be found from equation 
4.17. Each sam ple in the X and Y channel will 
be designated  Xn and Yn w here n is the sam ple 
num bers from  the pair o f  w indow ed channels. 
The E quations 4.22 and 4.23 are developed to
Figure 4-4 Phasor diagram of channel rotation
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allow the DSP to signal process and correct for the phase shift using only the information available. 
This process defines the ‘rotation algorithm’.
4.1.3. Equation for the Rotation Algorithm
This section explains the rotation equation as described above for use in the DSP to introduce 
coherence back into the radar. Section 4.4.3. shows the simulation results for receiver coherence with
changing phase, scattering and noise using this algorithm.
Referring to figure 4-4
We can see that : cos6 — Xmean /Mag 4.13
rearranging: Xmean = Mag cos0 4.14
similarly: sin0 -  Ymean / Mag 4.15
Ymean = Mag sin 0 4.16
where the magnitude is defined as : Mag = [ (Xmean) 2 + (Ymean)2]1'2 4.17
Also : 1mean = Mag cos (0 - a) = Mag cos 6 cos a  + Mag sin 8sin a  4.18
and : Qmean ~ Mag sin (0 - a) = Mag sin 9 cos a - Mag cos 0 sin a 4.19
substituting 4.14 and 4.16 into 4.18 gives : 1mean ~ Xmean cos a + Ymean sin a
4.20 substituting 4.14 and 4.16 into 4.19 gives : Qmean = ~ Xmean sin a + Ymean cos a
4.21
For each and every time coincident pair of samples Xn and Yn in the X and Y windows the equations
in 4.20 and 4.21 become : In = Xn cos a  + Yn sin a 4.22
Qn ~ ~Xn sin a + Yn cos a  4.23
where cos a — Xmean / Mag 4.24
and sin a  = Ymean /Mag 4.25
where the Magnitude is as defined in equation 4.17.
4.22 and 4.23 show how by the correct choice of a  the inphase and quadrature components can be 
separated.
4.2 The ionospheric reflection
In the following section the effects of the dispersive ionospheric reflection on the shape and phase of 
the impinging pulse is considered. It is the electron density gradient of the ionosphere which is the 
source of the dispersion.
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4.2.1. The electron density gradient
In section 3.1. a detailed description of the reflections from the topside ionosphere has been given.
In summary, the Ionosphere is characterised by a plasma whose electron density is a function of group 
height H in km which is related to group delay r  in seconds, or the time of flight experienced by a 
pulse that has been transmitted vertically and then reflected where :
H = Zi c t and c is the speed of light in a vacuum 4.26
Depending on its frequency a propagating electromagnetic wave will either penetrate some distance 
into the layer and then be reflected or alternatively at the critical frequency it will propagate right 
through. The reflection is distributed within the ionosphere and is dispersive (due to the electron 
density gradient). The critical frequency f c of this layer is related to the maximum electron density : 
Nmax =1.24x1010 f c ‘ 4.27
where Nmax is in electrons per cubic meter and f c is in megahertz.
It is the electron density gradient which is the cause of dispersion in the returning radar pulse, shown 
as follows.
4.2.2. Dispersion Equation
The ionosphere can be considered to be a linear time invariant system having a transfer function 
comprising both phase delay (j) and gain \H\.
This gives us a basic equation : H(co) = \H(co)\e~fi = \H\e~fi 4.28
The phase shift of the signal in the ionosphere is a function of frequency CD. If we are interested in the 
effects of the phase shift at a frequency coc say the carrier frequency, we can use the Taylor expansion 
for approximating the heights of points on a curve with respect to distances from an origin. In this 
case phase height with respect to frequency dcji/dco. Assuming the curve to be continuous, the first 
three terms of the expansion give:
<t>« = <t>o + [ T \  x ( ® - <»c) + X  x I I X ( 03 - coc f  4.29
xd<aJm c2! Vdco2) ^
This expression can then be simplified :
fco — (f>o + Tom + 1/2 Ko m2 4.30
Where the first term, is a phase shift (assumed here to be a delay), and the second is the group delay
r0 = (d(f)/dco), measured in seconds. The third term gives us the dispersion factor K0 measured in sec2
and m is the frequency difference or deviation from the operating frequency coc (f)a is in radians.
i
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Taking 4.28 and 4.30 and assuming that the system has unity gain ( |H| = 1) for the range of 
frequencies near coc, (i.e. the filter can be considered to be all pass), then we obtain the ionospheric 
transfer function
H(co) = exp ( - j  (j)Q - j  mr0 - j  y3 k0 m2) 4.31
Thus for a pulse modulating a carrier the output pulse from the ionospheric transfer system suffers 
three effects :
• The pulse shape is changed by the dispersion factor K0
• The pulse is delayed by the group delay T0
• and a phase shift (/)0
yd
It is also noted that an actual loss in gain |H| will be observed.
The above equations can be used to calculate the effects of dispersion on the I and Q outputs of a 
phase coherent receiver as already outlined.
4.2.3. Dispersion detection
u(t)
H(a>)
v(t) w(t)
z(t)
Figure 4-5 Complex representation of sounder transmission, reflection and detection
The transmitted signal from the sounder u(t) is represented analytically as :
u(t) = V0 exp (jcoc t) 4.32
where VQ is the signal amplitude and roc is the carrier frequency.
The signal u(t) is modified by the ionospheric transfer function H(co) taken from equation 4.31 to 
become v(t) the input to the receiver antenna.
v(t) = VQ exp (jcoc t) exp ( - j  <f>Q - j mr0 - j  /2k0 m2)
v(t) = V0 exp (Jcdc t) exp (-j (f)0 ) exp (-j mr0) exp (-j 72k0 m2) 4.33
The reference oscillator z(t) = exp (jcor t) is then included giving the detector output w(t) as : 
w(t) =  V0 exp (jcoc t) exp (-j <f>Q) exp (-j mzQ exp (-j 72k 0 m2)  exp (jcor  t) 
where cor is the frequency of the receiver’s stable oscillator.
From sections 4.1.2 and 4.1.3 it can be seen that the phase errors are signal processed out in the DSP 
and therefore 60 approaches zero leaving :
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w(t) = V0 exp (jcoc t) exp (~ j  mr0) exp (- j  j/2k0 m2) exp (jcor t) 4.34
Again as the receiver is phase coherent: coc = - cor 4.35
then w(t) = V0 exp (- j  mr0) exp (- j  /2k0 m2) 4.36
Also as the digitised signal w(t) slides along the correlation window in the DSP it can seen that at the 
correlation peak the group delay term t0 will equal zero, leaving only the dispersion term in the DSP 
output w(t) = V0 exp (-J’Akq m2) 4.37
If we define w(t) back in actual signal terms
w(t) = V0 [cos(/2kq m2) - j  sin (Y2k0 m2)] 
where the real Inphase (I) term is : /  = V0 cos(/2rcQ m2) 4.38
and the imaginary Quadrature (Q) output is : Q = - j VQ sin (72kq m2) 4.39
From this one can see that it is possible to detect and measure dispersion at the receiver output.
4.2.4. Simulation of pulse dispersion
In order to verify and optimise this process, simulations have been undertaken using the Simulink 
virtual signal generator and the Signal processing Toolbox from the Matlab numeric computation and 
visualisation software package. The software was written and run on a 486 33 MHz PC to simulate 
the result of equations 4.38 and 4.39. from section 4.2.3.
The simulation process steps are as follows; a 50 ps pulse at base band with a sampling rate of 10 
MHz was produced using Simulink and then transformed using a Discrete Fourier Transform (DFT) 
from the Signal processing Toolbox into the frequency domain. To overcome the problem of 
overshoot near the points of discontinuity the sides of the original 50 ps pulse are given a rise and fall 
time of a few micro seconds. Lundborg [1990] suggests that the dispersion of the ionosphere acts 
somewhat like a low pass filter characterised by a parameter called the rise time which describes the 
magnitude of the pulse modification. He observed values of between 1 and 10 ps for the F2 layer. It is 
therefore considered that by adding an ‘essential edge correction5 to the rectangular pulse the low pass 
filtering effect of the ionosphere is included in the simulation. This frequency domain signal was then 
multiplied with the Ionospheric transfer function vector in equation 4.31. The group delay and phase 
error are set to zero. An inverse of the Fourier Transform is then computed giving a baseband vector 
of the dispersed pulse in the time domain. Both the inphase (real) and quadrature (imaginary) outputs 
are plotted in figure 4-6.
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Figure 4-6 Simulated Inphase and Quadrature outputs from the phase sensitive detector 
with a 50/./S pulse returning from a dispersive ionosphere of 10 km/MHz.
The effects o f increasing dispersion on a single pulse can be observed in the simulations as an increase 
spreading in the envelope o f the pulse, and a reduction in amplitude (figure 4-9). Also noted are the 
high frequency ripples superimposed on the pulse. In the Quadrature channel a distinctive pulse shape 
is observed that increases in amplitude with dispersion. Increasing the length o f the pulse reduces 
these effects. Therefore longer pulses are less dispersed than shorter ones, which means that they are 
more suited to traditional swept sounding mode operations. The shorter pulse will be more suited to 
direct dispersion measurement, give better range resolution, but suffer from a wider bandwidth.
4.2.5. Modification of pulse due to receiver bandwidth
Receiver bandwidth has a marked effect on the shape o f the pulse and needs to be taken into 
consideration. The narrowest bandwidth within the hardware o f the receiver is the Low Pass Filter 
used to pass only the difference signals from the mixers and inhibit aliasing effects prior to digitising 
the signal in the A/D converter. An SSTL space qualified switched capacitor filter is suggested for 
which the bandwidth characteristic can be programmed from commands received by the payload via 
ground uploadable control software. Using a 50 jlls pulse suggests a low pass filter o f 20 kHz (1/50 
jj.s). When the filter is set to a 3dB bandwidth o f 20 kHz using a clock frequency o f 1.5 MHz, it 
produces a cut-off o f 60 kHz at -55dB. This filter was implemented in the Matlab simulation package 
using the Butterworth HR filter. A plot o f the filter response is reproduced in figure 4-7.
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Order 6 Butterworth HR Filter
FREQUENCY (kHz)
Figure 4-7 Simulated Low Pass Filter (LPF) response
After the output o f the I and Q channels have passed through the Low Pass filters it is observed that all 
the high frequency ripple within the pulse is removed. Only the spreading and amplitude reduction o f  
the pulse is observed. Plots o f  the modified Inphase or real signal are shown in figure 4-8 and the 
Quadrature or imaginary signal in figure 4-10.
Figure 4-8 Plot of low pass filtered signal from the digitised 
I channel of the phase sensitive detector
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Figure 4-9 shows a repeat o f the above simulation for a series o f dispersions with pulse lengths o f 50 
and lOOps. It can be seen clearly that the shorter pulse is noticeably dispersed, whilst only very little 
change in the skirt is observed in the longer 100 ps pulse.
50 ps Pulse
Figure 4-9 Insert showing effects o f dispersion on two low pass filtered pulses
Figure 4-10 Plot o f low pass filtered signal from the digitised 
Q channel o f the phase sensitive detector
A distinctive “Tri-Pulse” shape [Hodgart 1996] from the output o f the filtered “Q” channel is shown 
in figure 4-10. Further simulations show that an increase in dispersion caused a similar increase to the
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amplitude o f the “Tri-Pulse” peaks relative to the absolute pulse return amplitude. These are 
displayed in the insert o f figure 4-11.
The bandwidth o f the low pass filter was adjusted for values o f : 10, 15, 18, 20, 22 and 25kHz in an 
attempt to improve the receiver response. The 18, 22 and 25kHz low pass filters made little 
difference to the tripulse shape, whilst lower values degraded the characteristic response with 
changing dispersion. It was therefore decided to stick to the 20kHz (1/5Ops) low pass filter, as this 
would optimise the receiver for noise rejection with a 50ps pulse.
It was also observed that a negative dispersion (negative sloping ionogram plot) causes the signal 
trace to flip around the horizontal axis with the central part o f the pulse going positive.
Thus an important feature o f this radar is that it measures dispersion directly from the shape o f the 
signal in the ‘Q’ channel, along with an indication o f positive and negative electron density gradients 
on the ionogram. However the accuracy o f this dispersion measurement from the “Tri-pulse” signal 
is dependent upon the effects o f scattering from the ionosphere and noise such as cosmic noise.
4.3 Effects of Scattering and noise
It has been shown that as the time dispersion o f the reflected pulse increases, so the amplitude o f the 
“Tri-pulse” signal increases with respect to the absolute return envelope. Scattering will o f  course 
increase the “Tri-pulse” signal and is dependent on the summed amplitudes and phases o f  each 
scatterer. In this case normalising the amplitude o f the “Tri-pulse” signal with respect to the absolute 
envelope is thought appropriate. The effects o f pulse spreading and consequent phase changes 
however are a limiting factor to the accuracy o f the “dispersion method” measurement. The extra 
distortion to the complex returning signal effects the ability o f the rotation algorithm to correct for 
phase errors. A simulation o f scattering has therefore been produced to provide an indication o f the 
effects o f scattering on the “dispersion method” measurement accuracy.
4.3.1. Scattering model
The principle o f  the following simulation o f scattering is to calculate the amplitude and phase o f the 
signal samples returned in each successive time frame.
In this model the worst cases are simulated where :
•  the ionospheric surface is considered to be a very rough surface with reflections returning from a vertical 
radar.
•  there are oblique reflections from a Lambertian, rough surface.
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The model is populated with rings o f scatterers o f width x, increasing in radius away from the vertical 
(see figure-4.12). As the antenna is a half wave dipole at the lower frequencies the limiting half angle 
a  is concidered to be 39° which is the approximate 3dB half beam width o f a dipole. This is taken as 
the limit o f illumination o f the topside ionosphere. The group delay from the flat region of a topside 
ionogram is typically 4ms for a satellite at 800km to the first reflection from a mid-latitude 
ionosphere. This equates to the radar range o f 1200 km, or a distance D, 600 km from the satellite to 
the target. Therefore with a half angle o f 39°, the maximum scattering radius r can be calculated as :
r = 600 tan 39 = 480 km 4.40
In the case o f this maximum scattering radius significant spread-F would be expected to be present on 
the ionogram (see section 3.2, 3.3, and 5.2.5). Examination o f ISIS-2 topside sounder data shows 
scattering radiuses o f up to 40 km for the quiet mid latitude region (see section 5.2.8). As ISIS-2 was 
at an altitude o f 1400 km then the scattering radius for a satellite in a lower 800 km orbit would be 
expected to be significantly lower. The scattering angle a  in figure 4-12 is assumed to remain the 
same for any height o f satellite providing it is large in comparison to the scattering radius. If this is 
the case then the maximum scattering radius from the ionosphere would be 16 km for a satellite in a
Figure 4-12 Rings of scatterers for populating simulation
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The simulation is based on equal increments o f  the slant range R and so the rings decrease in width as 
they spread out from the point directly below the satellite. This decrease in ring width is explained as 
follows :
The first reflection is at distance D from the ionosphere. As this half range D increases by one vector 
sample t, the slant range R then becomes :
R = D + n x ct/2 = D + nc/2s km 4.41
where 5 is the sampling rate o f the simulation, n is the number o f steps away from the centre (1 for the 
first) and c is the speed o f light. In the case o f  a 10 MHz sampling rate this is equal to 0.015 km 
increase in slant range per vector point.
It can be seen from figure 4-12 that the scattering radius a for the first ring is simply found to be :
a = VRa2 + Cr = ^ (6 0 0 +  0 .015)2 + 6 0 0 2 = 4.2 km. 4.42
As the radar range increases by 0.015 km for each successive return it can be seen that when n = 2 
radius b is 6 km. Likewise when n = 3 radius c is 7.3 km. Therefore the distance between rings is 
not the same but decreases further away from the centre. The final signal that appears at the receiver 
is the sum o f all the rings. Each successive ring returning 1/s seconds later. In the case o f a 10 MHz'- 
simulation this is 0.1 ps for each vector point. A window of between 100 and 200 ps is required to 
capture a ‘dispersed’ 50 ps pulse (see figures 4-8 to 4-11). This equates to a vector containing 
between 1000 and 2000 complex amplitude values to describe the returning signal. See Figure 4-13.
Rins No. H rEach vector point is 0.1 ps A maximum of 2000 vector points
1 n  n  n  r r r 11 r 1 Mi .• j."""..
I N I  I I  J 1 11 I I I 1 1 1 1 1 1 1 1 I I. 1
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i l  1 1 r 1
n r
1 1 1 1
200 ps
Figure 4-13 Diagram showing the returned signal vectors from subsequent scattering rings.
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The number o f rings required to represent a scattering radius o f 20, 40, 60, 80 and 100 km has been 
calculated to be 30, 90, 210, 370 and 560 vector points.
The topmost vector (a) which is made up o f vector points A l - Z1 in figure 4-13 represents the first 
complex signal returning to the radar receiver. This vector contains the original transmitted signal 
that has been modified by the ionospheric transfer function. The effect o f the modification is to 
disperse the pulse, change its amplitude and phase. The second signal (vector b) from the second ring 
has the same dispersion but modified amplitude and phase returns 0.1 pis later. This vector (A2 - Z2) 
is shifted one place to the left and cropped to make both vectors equal length. The two vectors are 
then summed - A l with 0, B1 with A2, etc. The vector b then becomes the resultant complex sum of  
a and b. This process continues until all the rings, or loops in the case o f the simulation have been 
added. To simplify the simulation we will consider the amplitude and phase o f  the reflected signal 
for each successive ring in the model.
4.3.2. Signal Amplitude Distribution
To calculate the returning signal amplitude for each successive ring we have two options depending 
upon the angle o f reflection from the ionosphere.
The radar range equation for surface clutter [Skolnik 1980] is rearranged to calculate the received
A2 G 2 P, a c
power Pr at oblique incidence : P„ — ----- ;— rr----- :  4.43
r  ' (4tt)3
and the Altimeter clutter equation [Watts 1996] again to calculate the received power Pr at near
A2 G 2 Pt cr°
vertical incidence : Pr =  z------------  tan a 4.44
R 2
where R is the slant range, A is the wavelength, P( and Pr are the transmitted and received power.
G is the antenna (including matching) gain or loss, a c is the total scattering area and a 0 is the 
scattering per unit area, a  is the scattering angle in Figure 4-12.
_ cr
It can be seen from equation 4.43 that at oblique incidence : Pr oc 4.45
(7
and from equation 4.44 that for near vertical incidence : Pr cc — p  4.46
k cr
or that the comparative received power Pc for each successive ring is : Pc —  —  4.47R
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k a
and for a low scattering radius : Pc =-------—  4.48R
where k is some constant. Taking the dark shaded ring from figure 4-12 it can be seen that the
scattering area a x for that ring is : a x = 2 tz d x  4.49
If we assume a Lambertian surface case o f  scattering, that is that the surface is rough, then Ishimaru 
[1991] says that an allowance for the scattering angle (0S) from the reflecting surface is required. 
This takes the form o f crx cos 9S, where a x is the projected scattering surface area. He also says that 
an allowance for the Albedo fraction, which is the ratio o f total scattered power to the incident power 
in the projected area a x cos 0j is required. In this case as the scattering angle (0S) and incident angle 
(9[) are the same (0 0 .  It can also be seen from figure 4-12 that 9^ is the same as a 4, then the total 
correction
becomes : ax cos2 6 - 2 n d x  cos2 ap 4.50
k 2 n d x  co s2a  
From 4.45 and 4.50 Pc now becomes : Pc =  ---------------- --------------------- 4.51
k 2 n d x  co s2 a
and for the near vertical incident reflection : P„ =-------------  z-------  4.52R2
where x is found from subtracting successive scattering radii (figure 4-12).
From figure 4-12 , the slant range is : R = Rd = ■yj(d2 + Z)2) 4.53
Also from 4.53 the group delay at the frequency o f transmission is equal to :
2 R 2 yfcd2 + D 2)t =   =  , ^ 454
c c
The 2 in the equation is due to the two way radar path, and c is the speed o f light (3 x 10^). 
Rearranging to find the scattering radius : d =  „ I -f -1 — D‘ 4.55
The comparative receive power for oblique and near vertical incidence is found from equations 4.51 
and 4.52, where d is calculated in equation 4.55. Finally the Amplitude is found as the square root o f 
Pc. A program was written based on the above analysis to calculate the amplitude for each successive 
scattering ring in the model for both cases. The results are imported from a spread sheet as a look up 
table into the simulation program (see the simulation block diagram in section 4.3.5). A graph o f the 
scattering amplitude is given in figure 4-14 for both the oblique and vertical incidence cases where the 
scattering angle alpha is present for both the squared (with the Albedo fraction) and singular, (without
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the Albedo fraction). The worst case vertical reflection, Case (1) and the Lambertian oblique 
reflection, case (4) are adopted for the simulations.
Figure 4-14 Graph o f normalised Scattering Amplitude Distribution.
Figure 4-15 describes the Lambertian case for the scattering amplitude for a rough ionosphere to the 
480km limit o f illumination from a radar 600 km above the ionosphere.
Scattering Amplitude Distribution 
fo r  th e  o b liq u e  L a m b e rtia n  c a s e  o n ly
S c a tte r in g  R a d iu s  (k m )
Figure 4-15 Graph of Scattering Amplitude Distribution for oblique cos c? case only.
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4.3.3. Signal Phase Distribution
In a 10 MHz simulation it has been shown in equation 4.41 that the increase in the slant range is 150m 
per vector point. This equates to an extra 300m for the increase in radar range. This increase in range 
for subsequent rings is equivalent to one wavelength at a frequency of 1MHz. This frequency being at 
the low frequency end of the sweep of the sounder. At higher frequencies many wavelengths will 
occupy this increase in slant range.
If the surface of the topside ionosphere is considered to be rough then it is expected that the change in 
height will be more than one wavelength, and therefore the phase error will fall anywhere in 2n 
Radians (360°). For this reason the phase error was randomised in the simulation.
4.3.4. Noise simulation
It has been reported in the literature [CCIR 1990] that the noise in and above the ionosphere at 
frequencies up to the critical frequency is dominated by noise emanating from the Cosmos. These 
cosmic noise levels are reported to fall between 0.42 x 10  ^K at 10 MHz and 21 x 10  ^K at 0.8 MHz. 
This is generally true over the whole globe.
Some Earth based signals will be propagated to the spacecraft via ducting and Z mode propagation 
(see section 3.3.3 and 3.3.6). This is occasionally observed at the lower frequencies below 1 MFIz in 
the resonance region (see section 3.4). In general the region of reflection where we are trying to 
measure dispersion receives no signals from the ground.
In the simulation, noise was generated using the Matiab virtual simulink noise generator. The noise 
was seeded randomly for each run of the simulation and the power and sampling rate were set under 
control of the generator. The generator produced band limited white noise dependent upon the 
simulation sampling rate. This sampling rate was set at 10 MHz for both the signal and noise 
generators. It can be seen from the block diagram in figure 4-16 that the noise sample is mixed with 
the signal sample after the scattering simulation, and prior to filtering. The Amplitude of the scattered 
signal varies according to the amplitude and phase of each pulse. To measure the signal to noise ratio 
both signal and noise were filtered using a filter with the same characteristics as the receivers 20 kHz 
LP filter. After this filtering the ratio was calculated and the noise amplitude adjusted to provide an 
accurate signal to noise level to within + 0.3dB.
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4.3.5. Simulation block diagram
The block diagram in figure 4-16 illustrates the simulation processes for ionospheric modification that 
has been described so far in this chapter. The DSP coherence processing of the topside sounder 
receiver is also explained with the exception of the optimum filter that is described in sections 2.2.1.5 
& 4.4.1. Note the technique described in section 4.2.4 for removing the “edge effect” is employed. 
Also note the method used for simulating and measuring signal to noise (S/N) in a 20kHz bandwidth.
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Figure 4-16 Simulation block diagram for ionospheric modification and DSP coherence processing.
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4.4 Simulation results
This section of chapter 4 gives the simulation results obtained from the above simulation in the form 
of Absolute and Quadrature waveforms for various noise levels and pulse dispersions for the returns 
from the entire area out to the given scattering radius. Along with these plots, graphs of accuracy are 
given for dispersion vs. scattering and noise.
4.4.1. Simulation results of pulse distortion
Figures 4-17 to 4-21 are the output from the simulation as described in block diagram figure 4-16. 
The parameters of the simulation are set as follows :
• Dispersion : 500 km/MHz
• Noise : Zero noise
• Scattering radius : 20, 40, 60, 80, 100 km.
• O utpu t: Normalised output o f Absolute and Quadrature waveforms.
The sampling rate of the receiver simulation is reduced to correspond with a 100 kHz ADC sampling 
rate. Thus the horizontal axis represents a period of 300 jus for 30 samples in the plots. The vertical 
axis is the normalised amplitude. Figures 4-17 and 4-18 show a repeatability of waveforms and 
amplitudes for simulations of up to a 40 km scattering radius. Figure 4-19 at 60 km show a possible 
useful measurement with indications of limited accuracy and repeatability, whereas figures 4-20 and
4-21 show that for a scattering radius of 80 km and above the tri-pulse waveform is no longer present. 
Therefore the rotation algorithm is no longer able to produce receiver coherence due to many 
returning signals of random phase. In figures 4-20 a and c the absolute pulse amplitude is double 
peaked and in figure 4-20 b there is severe distortion of the leading edge. This has the effect of the 
quadrature losing its characteristic “tri-pulse” shape and therefore becomes unreliable for estimating 
the ionospheric dispersion.
Figure 4-17 Amplitude vs. Time graphs o f normalised Absolute and Quadrature pulses 
for a simulated 20 km scattering radius (Zero noise - 500 km/MHz dispersion)
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Figure 4-18 40 km scattering radius (Zero noise - 500 km/MHz dispersion)
Figure 4-19 60 km scattering radius (Zero noise - 500 km/MHz dispersion)
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Figure 4-20 80 km scattering radius (Zero noise - 500 km/MHz dispersion)
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Further investigation of the double peaked absolute signal was undertaken. The absolute waveform 
was displayed and recorded at the end of each scattering simulation loop of figure 4-16. By 
examination of a particularly poorly formed signal an explanation for this ‘twin pulse’
Figure 4-22 Amplitude vs. Time plots (a) - (f) show the effect o f phase cancellation that
causes ‘twin-pulse’ errors.
Figure 4-23 Characteristic ‘twin-peaked’ erroneous signal
phenomenon was discovered as follows. Figure 4-22 (a) shows a 700 km/MHz dispersed signal after 
about 40 loops around the simulation with a peak amplitude of 12. Figures 4-22 (b) to (e) shows the 
effect of pulse amplitude reduction due to phase cancellation to a comparative amplitude of 1. In the 
final frame, figure 4-22 (1), the shape of the pulse becomes completely lost. This final frame is at a
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scattering radius of 401cm. It is noted that prior to normalising, this signal is some 16 dB or more 
weaker than for most returns, and when noise is added, it becomes submerged and this is the reason 
that the rotation algorithm is unable to produce a coherent T  and ‘Q’ channel in the simulation. In 
fact after low pass filtering, windowing, centring and adding noise to this absolute pulse, the 
characteristic twin peaked signal appears in figure 4-23 and it is known that such a signal shape 
produces erroneous dispersion values.
An optimum or correlation filter is therefore added prior to windowing in the simulation to eliminate 
these erroneous signals. A correlation mask of 500 km/MHz is used, this being the mid range value 
for all the simulations. After several thousand runs of the simulation at signal to noise levels of zero, 
lOdB and 20dB, over a range of dispersive values from zero to 1000 km/MHz, the maximum 
correlation value between the mask and the simulated scattered signal was observed. By eliminating 
all signals below 15% of this maximum recorded value, the accuracy of the dispersion measurement is 
dramatically improved (see figures 4-30 a and b).
Having resolved the problem of erroneous twin peaked signals simulation runs of 660 pulses for 
dispersion values of zero to 1000 km/MHz in 100 km/MHz steps was initiated. Each run for a 
differing amplitude distribution, signal to noise ratio and scattering radius took approximately 10 
hours. These simulations are used to determine the best method of detection, detection accuracy, and 
the useful scattering radius limits that are possible.
4.4.2. Detection method
The following simulations establish the methods which are suitable for dispersion measurement and 
which are unsuitable. Several methods of dispersion detection using the ‘tri-pulse’ signal in the 
quadrature channel were simulated to discover the least sensitive to noise and scattering effects :
• Correlation of the tri-pulse quadrature signal with a mask of a dispersed 1000 km/MHz pulse.
•  Measuring the negative and positive amplitude of the tri-pulse peak.
•  Measuring the area of the tri-pulse enclosed within a window.
4.4.2.1 Quadrature Correlation M eth o d :
The quadrature channel tri-pulse was normalised with respect to the absolute pulse envelope.
The parameters of the first set of simulations are set as follows :
• Pulse : Filtered, rectangular 50ps pulse.
•  Optimum filter: decision threshold set to a 15% of maximum correlation value.
• Dispersion : zero to 1000 km/MHz in 100 km/MHz steps.
•  Noise: lOdB S/N in a 20kHz bandwidth.
•  Scattering radius : 201cm.
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•  Amplitude distribution : case (4) - oblique Lambertian.
•  Phase : Random.
•  Normalisation : Single - Quadrature normalised to the peak value of the absolute pulse envelope.
•  Window: 150ps.
•  Correlation mask : 1000 km/MHz.
•  O utput: 60 correlation amplitudes for each dispersion. (660 samples altogether - see figure 4-24).
Figure 4-24 Dispersion detection using a correlation mask of 1000 km/MHz 
( 20km scattering radius - 10dB S/N )
The amplitude of the graph in figure 4-24 represents the degree of correlation of the tripulse with a 
fixed correlation mask. At zero noise and zero scattering the correlation method appeared to produce 
good results. As soon as a 20dB S/N and a 20km scattering radius are simulated the error bars 
dramatically increase in the simulation output of figure 4-24.
This method is therefore unsuitable mainly because of the high spread in results but also because the 
main curve is not a linear or monotonic function of dispersion.
4.4.2.2 Quadrature Peak amplitude M eth od:
The quadrature channel tri-pulse was again normalised with respect to the absolute pulse envelope.
The parameters of the second and third set of simulations are set as follows :
•  Pulse : Filtered, rectangular 50ps pulse.
•  Optimum filter: decision threshold set to a 15% of maximum correlation value.
•  Dispersion : zero to 1000 km/MHz in 100 km/MHz steps.
•  Noise : lOdB S/N in a 20kHz bandwidth.
•  Scattering radius : 20km.
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•  Amplitude distribution : case (4) - oblique Lambertian.
• Phase : Random.
• Normalisation : Single and Double normalisation (see text).
• Window: 150ps.
•  O utput: 60 peak amplitudes for each dispersion. (660 samples altogether - see figures 4-25 and 4-26).
Figure 4-25 Dispersion detection with ‘Single’ normalisation. 
( 20km scattering radius - 10dB S /N )
Figure 4-26 Dispersion detection after ‘double normalisation’
( 20km scattering radius - 10dB S/N )
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The amplitude of the graph in figures 4-25 and 4-26 is the peak amplitude of the tripulse. In the peak 
amplitude method the error bars in Figure 4-25 have decreased compared to those in the correlation 
method, but that the main curve is not monotonic beyond 500 km/MHz.
In the simulation of figure 4-26 a second normalisation of the Quadrature channel was instigated 
which took into account the dispersion of the absolute pulse envelope. This ‘double normalisation’ is 
achieved by firstly normalising the Quadrature ‘tri-pulse’ peak amplitude signal with respect to the 
absolute pulse peak as before, and secondly the tripulse is normalised with respect to the RMS value 
of the absolute pulse. This has the effect of producing a monotonic curve over the entire dispersion 
range but the error bars have increased compared to figure 4-25.
4.4.2.3 Quadrature RM S M eth od:
The quadrature channel tri-pulse was double normalised with respect to the absolute pulse envelope. 
The RMS value, or area under the absolute pulse envelopes are measured for each value of dispersion. 
The parameters of the fourth set of simulations are set as follows :
• Pulse : Filtered, rectangular 50ps pulse.
• Optimum filter : decision threshold set to a 15% of maximum correlation value.
•  Dispersion : zero to 1000 km/MHz in 100 km/MHz steps.
•  N oise: lOdB S/N in a 20kHz bandwidth.
•  Scattering radius : 20km.
• Amplitude distribution : case (4) - oblique Lambertian.
•  Phase : Random.
•  Normalisation : Double normalisation.
•  Window : 150ps.
•  O utput: 60 RMS amplitudes for each dispersion. (660 samples altogether -see figure 4-27).
The amplitude of the graph in figure 4-27 is the RMS of the tripulse signal measured in a 150|us 
window.
This third method of measuring dispersion from a simulated pulse returning from the ionosphere 
shows the best results with shorter error bars. This method has a monotonic curve over the entire 
dispersion range and has very short error bars up to 500 km/MHz. This method is therefore chosen 
for all future work.
The larger error bars at the higher dispersion range are due to the double normalisation process. This 
second normalisation has a non linear effect on the error spread as the dispersion increases. The error 
bar for zero dispersion also appears not to follow the expected trend. This is due to a zero quadrature 
signal, and only noise being measured.
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Figure 4-27 RMS o f the Quadrature signal to detect dispersion 
( 20km scattering radius - 10dB S/N)
All three methods are capable o f measuring dispersion o f both negative and positive ionogram 
electron density gradients. In the case o f the RMS method the gradient is found indirectly by 
determining the sign o f the amplitude peak at the centre o f the windowed tripulse signal vector. A 
negative going peak (see figure 4-10) indicates a negative gradient on the ionogram, i.e. at the cusp.
4.4.3. Detection accuracy
In sections 4.4.3. larger scattering radiuses are considered to establish the limit o f the chosen method 
for lOdB and 20dB signal to noise in a 20kHz bandwidth.
The simulations in the above sections, 4.4.1 and 4.4.2 all had the case (4) amplitude distribution as 
explained in section 4.3.2, figure 4-14. The simulations in this section use both case (I) and case (4) 
amplitude distributions. Case (1) being the worst possible scattering effect for vertical returning 
signals, whilst case (4) is for oblique propagation over larger scattering radiuses. Both these cases are 
worse than the specular reflections expected (see section 5.2.9.). As the scattering effect on the topside 
ionosphere is generally unknown, simulating a much worse case than is expected allows a level o f 
confidence in determining the limits o f the ‘dispersion method’.
In the following simulations a 50ps pulse is simulated over the range o f zero to 1000 km/MHz 
dispersions for signal to noise values o f lOdB and 20dB.
4.4.3.1 Case (4) amplitude distribution :
The common parameters o f all the case (4) simulations are set as follows :
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• Pulse : Filtered, rectangular 50 Pulse : Filtered, rectangular 50ps pulse.
• Optimum filter : decision threshold set to a 15% of maximum correlation value.
• Dispersion : zero to 1000 km/MHz in 100 km/MHz steps.
• Amplitude distribution : case (4) - oblique Lambertian.
• Phase : Random.
• Normalisation : Double normalisation.
• Output: 60 RMS amplitudes for each dispersion. (660 samples altogether).
Figure 4-28 is the simulation output for dispersion 
measurement over a 20km scattering radius. The 
parameters for this simulation include a 150p.s 
window (see figure 4-16) and a 20dB signal to noise 
in a 20kHz bandwidth. It can be seen from this 
simulation that for very small scattering angles at 
the lowest simulation noise level an accuracy better 
than 100 km/MHz in spread up to a dispersion level 
of 500 km/MHz is obtained. At large dispersions 
added noise would appear to improve the error spread presumably by introducing some form o f signal 
averaging, (compare figure 4-28 at 20dB S/N with figure 4-27 at lOdB S/N for the same scattering 
radius o f 20km and 150fis window)
Figure 4-28 20km scattering - 20dB S/N.
Dispersion detection - RMS Quadrature signal 
150 us window
Dispersion detection - RMS Quadrature signal 
200us window
Figure 4-29 a & b The effect o f windowing the received pulse after the optimum filter.
( 40km scattering - 10dB S/N )
The scattering radius is now increased to 40km with a S/N o f lOdB and shows a large increase in error 
bar width signifying a decreasing accuracy o f measurement in figure 4-29a. By increasing the 
window size from I50ps to 200ps in figure 4-29b another dramatic improvement in measurement
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accuracy is possible. A larger window was tried with little improvement in the higher dispersion 
spreads. It is also considered that a larger window would allow erroneous signals and noise to 
interfere with the detected pulse. For this reason the 200ps window is selected as the optimum.
From figure 4-28b it can be seen that it is possible to detect a worst case change o f 200 km/MHz 
dispersion up to a maximum dispersion o f 900 km/MHz.
Increasing the S/N ratio to 20 dB gives a further improvement in measuring accuracy for a 40 km 
scattering radius. The simulation results show in figure 4-30b that it is possible to detect a worst case 
change o f 100 km/MHz dispersion up to a maximum dispersion, again o f 900 km/MHz. Figure 4-30a 
shows how large erroneous readings appear by removing the optimum filter (section 4.4.1.). Thus an 
optimum filter with a 200ps window is seen to give the best results.
Quadrature signal 
io u s  s ig n a ls  re jec ted )
(km/MHz)
Figure 4-30 a & b Optimum filtering to remove erroneous signals prior to processing
(40  km scattering - 20dB S /N )
All the simulations in this section will now include the optimum filter and a window o f 200p.s.
The results in figure 4-31 for a 50 km/MHz scattering radius indicates a useful accuracy o f  
200km/MHz after lOOkm/MHz and up to 900km/MHz. Increasing the scattering radius to 60 km and 
increasing the cut off signal threshold to 20% o f maximum provides an accuracy o f only 400km/MHz. 
For the 60 km scattering radius the error bars have become too large although monotonicity has been 
preserved.
Dispersion detection - RMS Quadrature signal 
(w ithou t a  m a t c h e d  filter  a n d  n o  re je c tio n )
Dispersion detection - RM 
(with a  m a tc h e d  filter  a n d  erro
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Dispersion detection - RMS Quadrature signal
O. 0.0
E< 4).5
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Figure 4-31 50km scattering - 20dB S/N Figure 4-32 60km scattering - 20dB S/N
The sim ulations in section  4 .4 .3 .1 . above are now  repeated in section 4 .4 .3 .2 . for the worst case  
scattering am plitude distribution.
4.4.3.2 Case (1) amplitude distribution (worst case):
The com m on parameters o f  all the w orst scattering effect, case (1) sim ulations are set as fo llo w s :
•  Pulse : Filtered, rectangular 50ps  pulse.
•  O p tim um  fi l te r :  decision threshold set to a 15% o f  maxim um  correlation value.
•  Dispersion : zero to 1000 km /M H z  in 100 km /M H z steps.
m/0
•  A mpli tude  distribution : case (I )  - w orst  case, vertical reflection.
•  Phase : Random.
•  N orm alisation  : Double normalisation.
•  W indow  : 200ps.
•  O u t p u t : 60 RMS amplitudes for each dispersion. (660 samples altogether).
Figure 4-33 20km scattering - 10dB S/N.
The simulation results in figure 4-33 
shows the distribution accuracy for an 
ionosphere with very little scattering, 
but with a worst case (1) type 
amplitude distribution for the scattered 
returns. The simulated output is for a 
20km scattering radius, with only lOdB 
signal to noise in a 20kHz bandwidth. 
The graph shows a large spread in the 
dispersion results with an accuracy o f  
only 300km/MHz.
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In the next simulation in figure 4-34 the scattering radius was increased to 40km with a signal to noise 
set at lOdB (in a 20kHz bandwidth). The accuracy here deteriorates to 400km/MHz. Comparing the 
error bars in figure 4-34 with a comparative signal to noise level and scattering radius o f those in 
figure 4-2% it can be seen that with only a small change in amplitude distribution (see figure 4-14 - 
Graph of normalised scattering distributions) a large effect in dispersion measuring accuracy is 
produced.
Figure 4-34 40km scattering - 10dB S/N Figure 4-35 40km scattering - 20dB S/N
By increasing the signal to noise ratio to 20dB in figure 4-35 for the same scattering radius the 
accuracy is again improved to a level where a dispersion spread o f 100 km/MHz can be read except at 
the low end o f the dispersion axis where it is degraded to a spread o f 200 km/MHz up to the 200 
km/MHz reading.
Figure 4-36 50km scattering - 20dB S/N Figure 4-37 60km scattering - 20dB S/N
A
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The final two plots (figures 4-36 and 4-37) show a simulation for worst case scattering from a rough 
ionosphere for both 50km and 60km scattering radiuses and a signal to noise o f 20dB. The spread on 
the error bars for the 50km simulation again shows a similar degradation in dispersion measurement 
at the low end o f the dispersion range. The accuracy though from lOOkm/MHz upwards is better than 
200km/MHz and is still usable (see section 4.4.4.) for critical frequency measurement using the 
‘dispersion method’.
In figure 4-37 the results indicate that at a 60km scattering radius the detection method is starting to 
becomes unstable even though monoticity is preserved. A trend in erratic error bar spreads shows a 
final collapse o f the measuring technique for this extreme worst case. This is despite increasing the 
threshold o f the optimum filter to 17% which increased the number o f rejected signals to 20%. The 
normal spread o f rejected signals from all the simulations fell in the range o f 5 to 10%.
4.4.4. Dispersion simulation trend analysis
The graph in figure 4-38 is the spread o f averages for all the simulations in section 4.4.3. that have 
been windowed to 200|us, had an optimum filter threshold o f 15% or more and returned an accuracy 
better than 400 km/MHz. This criteria only rejected figures 4-34 and 4-37 in table 4-1.
Figure 4-38 Comparative spread of averages
It can be seen that a very tight spread o f averages is obtained from all the simulations that show 
useable results. Included in this plot o f averages is the simulation results displayed in figure 4-32 
and 4-33 where the spread is outside the required minimum accuracy criteria (200 km/MHz) set in
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section 4.5.1. This graph demonstrates how good the dispersion method is. It is considered 
therefore that the accuracies obtained in all the simulations published in table 4-1 are acceptable with 
the exception o f figures 4-34 and 4-37 which fall outside the required spread o f  figure 4-38.
It is noted that the scattering distributions for case [4] and the worst case [1] are both far worse than 
for the expected specular (i.e. mirror like) reflection from the topside ionosphere (see section 5.2.9.). 
A trend in accuracy noted from table 4-1 suggests that where the reflection from the topside o f the 
ionosphere is specular, improved results will be obtained. Even so if we take both cases [1] and [4] 
as the limit o f the proposed systems capability then our 200 km/MHz accuracy is available up to a 
scattering radius o f 50 km with a signal to noise ratio o f 20 dB in a 20 kHz bandwidth.
Table 4-1 Comparison o f dispersion measurement accuracy
scattering
radius
20 km
•7 ' I 
40 km
50 km 
60 km
Case [4](Oblique Lambertian distribution)
10 dB S/N
100 km/MHz figure 4-27
200 km/MHz figure 4-29b
20 dB S/N
100 km/MHz + figure 4-28
100 km/MHz figure 4-30a 
200 km/MHz figure 4-31 
400 km/MHz figure 4-32
Case [1](Worst case vertical distribution)
10dB S/N
300 km/MHz figure 4-33 
400 km/MHz figure 4-34
20dB S/N
100 km/MHz figure 4-35 
200 km/MHz figure 4-36
[unusable] figure 4-37
f better than 100 km/MHz below the 95% critical frequency dispersion.
The general conclusion is that provided a 20dB signal to noise is available good accuracy up to a 
50km scattering radius is achievable.
4.4.5. Final DSP detection algorithm and parameters
From the simulations in this chapter for detecting dispersion o f pulse reflections from a dispersive, 
scattering ionosphere, the DSP algorithm and parameters in figure 4-39 represent the optimum choice 
for implementation :
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From the 
Inphase (X) and
Quadrature (Y)channels of the radar receiver
■ ■ . :
l| ' I
SMI
iisftiaipal
Produce the pulse 
envelope Aft)
=[x2<t>+ y2(t>r
DSP detection parameters
Sampling rate 100kHz
W indow 200 ps
Optimum Filter : correlation mask of
500km/MHz dispersed pulse initially set to 
detect signals above a threshold of 15% of 
maximum detected.
Optimum
Filter
to detect pulse 
envelope A(t)
Y (t)
Range Detection
On detection of pulse 
find the central peak of the 
pulse envelope A(t)
Record
frequency and antenna 
polarisation.
Normalise the 
absolute pulse 
vector 
A(Vpeak :~1
Normalise (1)
Quadrature signal 
vector with respect 
to max. amplitude 
of normalised 
absolute pulse
Q(t) /  A(t) peak
Rotation Window Compare
AmplitudesAlgorithm (around centre)
to produce phase to give
corrected envelopes o f : to determine
Inphase I(t) and 1. A(t) polarisation of
Quadrature Q(t) 2. X(t) returned pulse for
signal vectors 3. Y(t) tagging ‘O ’ and ‘X’
waves
Normalise (2) Detect Detect
Quadrature signal Dispersion gradient
vector with respect
to the Modulus * Modulus value ..► from the sign of
of the absolute of Quadrature the point at the
pulse vector signal vector centre of the 
Quadrature
Q(t) /  A(t) MOD envelope
Figure 4-39 The ‘Dispersion method' DSP algorithm
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4.5 Implementation of the “Dispersion Method”
From the results in chapter 3 and section 4.4, the “Dispersion Method” was developed and its expected 
benefits and limitations are now discussed. Reasons why this method of foF2 (critical frequency) 
measurement is particularly good for topside sounding are given.
All previous sounders, both topside and ground based sounders have used swept frequency sounding 
techniques to produce ionograms, from which the critical frequency has been interpreted. Both human 
and computer processing of this ionogram data has been the only method used in the past. Whereas it 
is necessary to produce the full ionogram for processing into electron density profiles, it is shown here 
that using this new ‘Dispersion Method’ saves time and improves the spatial accuracy of critical 
frequency measurement in a latitudinal sweep.
As bottom side ionograms have several layers, D, E, FI and F2, and have no pronounced ‘flat5 
gradients, implementation would have to be more complex than for the single topside layer. For 
stationary ground based sounders traditional techniques would be easier, and no fast foF2 
measurement scheme would be an advantage. It is the long flat characteristic gradient approaching 
the ‘cusp’ on the topside ionogram that makes direct measurement of foF2 possible. The proposed 
adaptive microsatellite topside sounder sounding strategy is capable of finding this area of low 
dispersion far faster than traditional sweep frequency methods (see section 4.5.2.). The advantages for 
topside sounding using this direct approach is mainly in simplifying the processing which has been the 
main problem in the past. This would allow large quantities of critical frequency data to be stored on 
the satellite for immediate interrogation from the ground and free up computer memory for storage of 
full ionogram data from selected areas. This philosophy therefore allows useful interrogation of 
ionogram data for space physics analysis without compromising the foF2 engineering measurement. 
The ‘Dispersion method’ technique relies on being able to detect the polarisation of the returning 
pulse and measure the RMS amplitude of the dispersed tripulse in the ‘Q’ channel of the receiver as 
explained in section 4.4.5. of this chapter. Unfortunately this has only become possible since the 
implementation of Digital Signal Processing techniques, and the last topside sounder was developed in 
1979 prior to DSP being implemented on satellites.
The velocity of the topside sounder at an altitude of 800 km would be 7.5 km/s, therefore a faster 
method of measurement would enhance the spatial accuracy. The Bottom side sounders are static and 
do not suffer from this problem, therefore there would be no point in changing existing methods. It 
has been observed from the Japanese ISS sounder maps [Matuura 1978] that changes of foF2 of less 
than 1 MHz occur over ranges of less than 4° in latitude or longitude. This equates to 444 km or 60
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seconds o f sounding. Before developing the search algorithm it is necessary to know the limitations 
o f the coherent receiver and expected dispersion at the cusp o f the topside ionogram.
4.5.1. Dispersion at the cusp
Using frequency dispersion as a means o f finding the critical frequency (foF2) it is necessary to 
understand the nature o f the dispersion at the flat region and cusp on the topside ionogram to 
implement an optimum detection scheme (see section 3.5.1.). Figure 4-40 shows the expected 
frequency spread over the 95% o f critical frequency at the cusp. Note also that the apparent range is 
twice the distance o f the dispersion range due to the two way path.
Apparent 
or virtual 
range I Section of a topside ionogram‘ flat region’
100% foF2
‘cusp region’
^  F requenc
Figure 4-40 Explanation of dispersion at the ‘flat’ and ‘cusp’ regions o f the ionogram.
It has been shown in chapter 3, section 3.5 that the expected range o f dispersions at the flat region 
range from zero to 200 km/MHz (or 650ps/MHz) and at the cusp from 200 to 600 km/MHz (650 - 
2000 ps/MHz). Therefore by measuring the dispersive effect o f the ionosphere on returning radar 
pulses it will be possible to firstly detect the long ‘flat’ region o f the topside, and secondly the 
changing gradient at the cusp region. It can be seen that a 200km/MHz accuracy o f measurement is 
required to detect the change from the flat region to the cusp. From these conclusions it is now 
necessary to develop a sounding strategy and a frequency sweep algorithm that will implement the 
dispersion method effectively.
4.5.2. Advanced dispersion method (ADM) timing strategy.
Figure 4-41 is a complex diagram showing real height and relative group delay times, taking into 
account the changing F2 layer o f between 300 and 500 km above the Earth. Note that in estimating 
the time delay o f the pulse returns the diagram takes into account the slower group velocity in the 
ionospheric medium as previously experienced by topside sounders. Also a factor o f two is required
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to take into account the radar’s reflected path. Inset in the diagram is a timing strategy plot, and a 
simple ionogram.
Pulse timing strategy at foF2
1 mS
Tx
sops
pulse
0.7 mS 2 - 5  mS 0.3 - 1 mS 
,------- ► M*------------------- ►  ►
Rx Blanking AyvEnd o f sounding
Ionogram
Fos Fxs FREQ U ENCY
+ RANGE
foF2 fxF2 I Micr Topsicosatellite Topside sounder
Rx Blanking 
( to reduce noise 
and resonances )
800 km
0.7 mS
600 km
50 p S  pulse (15 km)
F2 layer
EA R T H 0 km
Diagram showing the topside sounder operating strategy for critical 
frequency measurement using the dispersion method
Figure 4-41 Operating strategy for the dispersion method.
4.5.2.1. Timing strategy fo r  each sounding pulse
From figure 4-41 it can be seen that both the ‘O ’ and ‘X ’ waves travel with slightly different 
velocities. To be able to resolve these two signal returns it is necessary to make the detection window 
no longer than 200ps which allows us to use our suggested 50pS sounding pulse. Pulse lengths 
between 87 and 133 pS have been traditionally used in most topside sounders to date with the 
exception o f the Japanese ISS-b satellite which used a 300 pS pulse. In all these cases the dispersive
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spreading effect of the pulse was not required. It has been shown by simulation in figure 4-9 that a 
lOOps pulse spreads very little over the expected range of zero to 1000 km/MHz.
It can be seen from the diagram in figure 4-41 that to detect foF2 the two ‘O’ and ‘X’ waves should 
ideally be identified and tagged (see figure 4-39). The key to this process is that these two wave 
returns have opposing circular polarisation’s whose signal amplitudes can be enhanced or degraded 
using antennas configured to transmit left hand and receive right hand or the opposite dependent on 
the satellites position above the Earth (see section 3.2.). By tracking only the ‘O’ wave it should be 
possible to implement a simple adaptive sounding strategy at the cusp. The pulse length can be 
increased at the cusp to overcome the effects of dispersion. The last possible reflection from the 
ionosphere may then be detected. This will have the effect of improving the accuracy of the critical 
frequency measurement, (the first pulse that passes through the ionosphere). If the pulse is to long 
then on its return it will overlap with the next one. The pulse length suggested is 1ms which equates 
to a distance of 300km.
By blanking the received signal for the first 0.7ms (approximately the first 100km real range) all the 
resonance data due to the antenna being immersed in the plasma will be discarded and not be 
processed. Likewise by completing the detection at 700km real range by switching the receiver off 
after 7ms no Earth returns will be observed. This enables a short window of signals to be processed 
between 0.7ms and 7ms to detect the flat and cusp regions. This range allows for the varying height 
of the F2 layer of the ionosphere between 300km and 500km. This timing range can be considered an 
initial starting point as once the sounder has locked on to the critical frequency point it can be adapted 
to suit. This has the advantage of reducing the sounding time at each frequency prior to incrementing 
the frequency for another sounding pulse.
4.5.2.2. Timing strategy fo r  each sounding sweep 
A sounding sweep consists of many sounding pulses each one having a timing strategy as described in 
section 4.5.2.1. Each sweep is part of a frame. A frame defines the period from the initialisation prior 
to starting a sweep, until the end of the sweep and subsequent processing. Generally a frame can be 
considered the time interval between the start of each ionogram or sounding strategy. The timing 
strategy for each frame will be similar to the traditional sounding mode (TSM) in figure 4-42 where 
the sounding pulse timing and the number of pulses in a sweep are kept constant. Hence there is a 
fixed PRF (pulse repetition frequency) for traditional sounding, whereas for the advanced dispersion 
method (ADM) adaptive PRF is employed.
For the first frame the dispersion method will consist of a sweep of pulses starting at the lowest 
frequency (0.5MHz) until the critical frequency point is located. This is explained as follows. If a
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returning signal in any part of the sweep is below the descision threshold then it will be ignored. The 
first sweep will be initiated with the antennas configured to detect the ‘O’ wave as the strongest 
return. 5Ops pulses will be transmitted every 200 kHz, starting at 1 MHz until the Quadrature 
detector indicates that the flat gradient has been found. This flat section of the sweep as indicated on 
the traditional ionogram will be considered located when several positive low dispersion returns have 
been processed. Once this flat gradient has been positively identified by sequential returns of low 
dispersion then a smaller frequency step of 50 kHz will be initiated. This frequency sweep will 
continue tracking the ‘O’ wave as explained above until the dispersion begins to increase. Once the 
dispersion has reached the cusp region at say a dispersion of 400 km/MHz which is equivalent to 97% 
foF2 (see figure 4-40), the pulse length can be increased to 500ps or more until no return signal is 
detected. This is the critical frequency point - foF2. Subsequent sounding will be undertaken at the 
lower frequency step rate of 50 kHz.
On completion of the first sweep as explained above, the sounder will start transmitting 50ps pulses at 
a frequency which is at least the difference between the foF2 and fxF2 plus 500 kHz. This frequency 
is to be called the decrement frequency. This will ensure that the sounder will start up again at the 
beginning of the cusp prior to searching for the critical frequency as explained above. This 
decrement frequency is dependent upon the electron gyro frequency at the satellite and is explained in 
section 3.4. If the cusp is not detected, say due to excessive noise or spread-F, then the algorithm 
could either start again from the coarse sounding point of 1 MHz as explained for the first sweep 
frame at the beginning of this section, or could initialise a traditional sounding sweep to produce an 
ionogram.
Once the critical frequency has been located in the initial sweep, then the maximum time required to 
track the critical frequency is dependent on the decrement frequency. If a figure of 1.5 MHz 
maximum is adopted, then only 30 steps (50 kHz each) or less than one second is required to track 
foF2. This is equivalent to less than an 8km movement of the satellite.
4.5.2.3 Sweep timing fo r  a traditional sounding mode (TSM)
For a traditional ionogram a fixed PRF of 37.5 will be employed. This figure is obtained from the 
following timing strategy. An allowance of 12ms for antenna relays to change and settle, 1 ms to 
detect the cosmic noise prior to sounding, 50jus - 5 0 0 jlis pulse and the signal returns will be detected 
from zero to 13ms (see figure 4-42). The antennas will be reconfigured on alternate soundings to 
enable both ‘O’ and ‘X’ waves to be resolved. This strategy allows both sounder resonances and 
Earth returns to be processed. The processing algorithm in figure 4-39 will be partially employed 
using the first four major stages : the Optimum filter, Range detection, Record frequency & antenna
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polarisation, and Compare Amplitudes. Also the AGC voltage needs to be logged to enable the 
received signal power to be recorded. This is used for detecting both the background noise and 
combined with the signal amplitude, the signal power o f the returning pulse. To enable location o f  
the satellite the GPS data has to be tagged at the beginning o f each frame.
The following sweep timing is typical for a high resolution sweep o f one pulse every 50 kHz:
• Pulse width of between 50ps and 500ps
• Frequency sweep range : 0 - 1 5  MHz.
• Time between pulses : 26 ms
• Pulse Repetition Frequency (P R F ): 37.5 Hz
• Sweep rate : 2 MHz / sec
• Sounding sweep : 8 seconds which is equivalent to 0.5° in latitude or 60 km movement of the satellite at 
800 km. ( This could be halved if a coarser 100kHz sweep is used)
• Maximum frame time : 28 seconds which is equivalent to 1.8° in latitude or 210 km movement of the 
satellite at 800 km. (Again the processing could be done in parallel and the time for each frame reduced 
to the sounding sweep time. Generally the limiting factor is the down link capability of the satellite, and 
the available DC power. - see section 2.6. and 2.7.8.)
------ . Fram e time (28 seconds maximum)
Sounding Sweep ^
8 seconds
37.5.......
Pulse = 50 - 500ns
11111 H
Processing Time
20 seconds maximum
300
Repeat signal sweep
PRF is 37.5 Hz..................... 7 j
12ms 1ms 7 ms 6ms Antenna Matching
Transmitted Pulse 
▼ /  Received
Exploded view showing timing 
over three pulses (4.5.2.1)
II J \ f S- [ U/Se A
Figure 4-42 Traditional sweep sounding timing diagram adapted for a microsateilite.
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4.6 Conclusions
The benefits of the ‘Dispersion method’ over traditional sweep frequency sounding methods for 
topside sounding are significant. The fastest method for measuring the critical frequency from the 
topside using traditional methods has been 14 seconds for ISIS-2, but more generally 32 seconds. 
Using the ‘Dispersion method’ this can be achieved in one second. Although this timing is of great 
importance for improved latitudinal spatial accuracy, the greater advantage is cost. Traditional 
methods have required satellites in the larger mini satellite class with increased cost, and many 
ground stations to down load the data because of extremely large memory requirements.
A far greater cost though has been the processing of data by human inspection on the ground. 
Although this could be improved by using computer algorithms already available to process 
ionograms on board the satellite, the dispersion method uses a direct measurement approach which in 
turn requires less complex computing power and is inherently more reliable.
Frequency resolution accuracy is also another important feature of this method. Using adaptive pulse 
length in the final sounding will ensure that the last possible return can be detected as longer pulses 
are less dispersed and also contain more power. By decreasing the frequency step at the very last 
point of sounding when longer pulses are employed, the frequency resolution could be improved even 
further. Longer pulses mean narrower bandwidths, and therefore at the final stage of sounding the 
signal to noise can be improved by the adaptive filtering that is proposed.
This novel ‘Dispersion method’ incorporates new DSP techniques that enable the simple coherent 
(radar) detector to remain coherent even though the sounding platform is moving and receives 
scattered pulse returns. The scattering simulations in this chapter indicate that this method of 
dispersion measurement is accurate for a 50 km radius cone with a signal to noise ratio of 20dB in a 
20kHz bandwidth.
The results of this chapter will now be compared with real measurements in chapter 5.
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In order to verify the ‘Dispersion Method’ for tracking critical frequency it has to be proved that:
• The topside ionospheric scattering falls within the simulation parameters of section 4.4.4.
• A pulse reflected from a dispersed ionosphere will return the ‘tripulse’ envelope of section 4.4.1.
• That the tripulse varies in amplitude, proportionally with dispersion (section 4.4.4).
This is then achieved by using the following methods :
The theoretical scattering effect of a specular topside ionosphere (using the radar cross section 
equation of a perfectly reflecting sphere) was compared with calculations using a large sample of real 
digital sounding data from the ISIS 2 topside sounder. It is important to note that the calculated 
power budget and measured signal strength are used to estimate the area on the ionosphere from 
which significant scattering occurs.
A limited data set from a ‘Dynasonde’ digital ground based sounder located at Tromso is used to 
verify the ‘Rotation Algorithm’ and the existence of real ‘tripulses’ within the phase rotated receiver 
quadrature channel.
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Verification of the ‘Dispersion Method’
In chapter 3, section 3.3.5. the topside ionosphere was characterised into several regions. These were 
regions where it is probable that the ionosphere would be disturbed and uneven causing spread-F, and 
those regions where it is probable that the ionosphere will be smooth. This smooth, specular 
ionosphere was found to cover a significant area over the Earth’s surface. Also in chapter 3 the effect 
of dispersion on pulses reflected from the ionosphere was quantified in section 3.5.
In chapter 4 this dispersive effect on pulses was simulated for varying degrees of scattering and noise. 
Results indicated that dispersion could be measured directly from the RMS of the quadrature envelope 
with varying degrees of accuracy dependant on the type of ionosphere. The specular ionosphere 
produced the best results.
Firstly in this chapter the theoretical scattering effect of a smooth sphere is discussed.
Then real pulses from specular regions are investigated along with real measurements of scattering 
from various regional types of topside. These results will be presented for what is believed to be the 
first time. This will verify the working parameters set out in the simulations of chapter 4 for the 
‘Dispersion Method’ of determining critical frequency.
Finally using a limited data set from a ground based vertical sounder real ‘Tripulses’ were discovered 
for the first time. This processed data is a strong indication that the algorithms and theories set out in 
chapter 4 are correct and verifies that the dispersion method could work. Conclusions are drawn from 
this limited set of data from the Eiscat radar that it may also be possible to measure spread-F directly 
using the dispersion method.
5.1 The radar cross section of a sphere.
The ionosphere can be considered as a sphere with various types of reflecting surfaces. These have 
been discussed in chapter 3. In "the case of the vertical sounder these surfaces act as a target area for 
radar pulses. The reflection theory for a smooth sphere with respect to the pulse carrier frequency are 
now investigated.
An important characteristic of a radar target is the area of reflected energy received at the radar 
antenna. This is known as the Radar Cross Section (RCS) or target back scattering.
It will be shown that if the sphere is large in comparison to the transmitting radar’s wavelength it will 
scatter energy from a ‘flat plate’ area n r2 where V  is the radius shown in figure 5-1. As no area of 
the sphere is flat, then it can be taken to be at a distance of 2J4n from the wavefront as it arrives at the 
sphere [Barton 1991].
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4------- Illuminating wavefront  ►
Figure 5-1 effective flat plate area of a sphere [From Barton 1991]
It can be seen from figure 5-1 tha t:
a2 = r2 + (a - Pl/4tv) 2 = r2 + a2 - 2aA/4/r+ (2/4tt)2 5.1
Rearranging equation 5.1 r2 = a2J2n + (A/4tt) 2 5.2
as a is very large compared to X (by definition) 
then the flat plate radius V5 : r2 = ci?J2n 5.3
The flat plate area ‘Ar’ from 5.3 i s : Ar = nr2 -  aX/2 5.4
And if the flat plate area can be considered to be an antenna with a gain ‘G \
Then: G = 4 tzA t / X2 5.5
As the radar cross section (RCS) or the scattering cross section of the target (cr) is ATX G,
then from 5.4 and 5.5 : cr = (aX/2) (4rcaX/22}) -  na2 5.6
If we consider the ionosphere to be a sphere made up of an Earth radius (6371 km) and F2 layer 
between 300 and 500 km above the Earth, then the total radius ‘a5 is between 6671 and 6871 km.
Using equation 5.3 we can calculate the radius V  of the equivalent flat plate area. We shall call this 
radius the scattering radius. In this equation the wavelength (X’ is for the sweep of the sounder 
between of 600 and 20 meters (0.5 - 15 MHz).
A graph of flat plate or scattering radius V  verses frequency for ionospheric heights above the Earth 
of 300, 350, 400, 450 & 500 km were plotted. It was found that the largest difference in scattering
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radius for the varying ionospheric heights was 0.4 km at the lowest sounding frequency. The smallest 
change o f 0.1 km being at 15 MHz. Figure 5-2 below is for the average ionospheric height o f 400 km 
above the Earth.
T h e o re tic a l s c a tte r in g  ra d iu s  from  a p e rfe c tly  
re fle c tin g  io n o s p h e re
I25 n  
1
0 3 6 9 12 15
Frequency (MHz)
Figure 5-2 Equivalent flat plate radius (Scattering radius) of reflections from the ionosphere
Figure 5-2 indicates that the signal reflection from the ionosphere for the topside sounding satellite is 
between a 5 and 25 km radius circle. This assumes a perfect reflector. The signal received by the 
satellite is therefore not a single point, but theoretically can be considered as a small cone o f signals.
Scattering Radius 
Figure 5-3 Cone of reflected signals received at the satellite
If we consider the satellite to be in a L.E.O. o f 800 km, then the distance between the satellite and the 
ionosphere will be 400 km. From figure-3 we can see that the cone o f received signals (a ) will 
theoretically spread over an arc o f between 0.7 - 3.6 degrees.
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5.2 The Measurement of topside scattering
5.2.1 The Data Set
The digital NASA topside data set which is used in this investigation has only recently become 
available from the NSSDC in the United States o f America. Data was electronically transferred via the 
Internet using FTP and came in the form o f compressed files o f about 250 Kbytes for a single 
averaged ionogram matrix. Each column represents one spot frequency in the sweep o f the sounder 
with the returned signal amplitude in each successive row obtained from telemetry data. This is given 
as a number from 0 to 255 and represents a linear amplitude range o f between 0 and 4.5 volts. In this 
investigation the sampling rate or range bin is a virtual (or apparent) range o f 3.75 km (0.025ms) per 
row for a NASA ‘non averaged ionogram matrix’, and 15 km (0.1ms) per row for the averaged matrix. 
The sounder receiver has the AGC voltage for each frequency displayed somewhere between the 2400 
km and 2800 km virtual range at the bottom o f the ionogram. The vertical position between these two 
ranges is an indication o f the AGC voltage o f between 0 and 5.12 volts. This voltage gives an 
indication o f the cosmic noise level as the AGC is set prior to transmitting the pulse. The Ionograms 
were displayed and the data investigated using the program, Spyglass Transform.
5.2.2 Pulse shape
Using a non averaged ionogram data set matrix from a specular ionosphere (see figure 3-2) several 
consecutive plots o f signal amplitudes vs. time are plotted (A scans). These are windowed and 
centered around the peak to produce the reflected pulse envelopes which are displayed in figure 5-4. 
These results were taken from sounding data centered around 2 MHz from an ionosphere o f low 
dispersion.
Figure 5-4 symmetrical pulse envelopes from a low dispersive specular ionosphere
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The shape of these pulses is generally symmetrical with the exception that in some cases the skirt is 
raised due to varying levels of background noise. Several data sets taken from a specular ionosphere 
show similar results but with the pulse spreading in time indicating an increase in dispersion. This 
verifies the simulations in figure 4-9.
As the pulse envelopes are observed to be symmetrical we can consider the specular topside to have a 
minimal effect on scattering unless signals are returned from a concave ionosphere. The effect of 
scatterering from a specular flat ionosphere would be to elongate the forward edge of the pulse. A 
very rough spread-F or disturbed ionosphere could cause multiple pulse reflections superimposed one 
on another as is seen from the bottom side data of figure 5-68.
These symmetrical pulse envelopes show what effect a real topside ionosphere has on reflected pulses. 
This parameter is used in section 5.3 when manually selecting suitable ground based data for verifying 
the dispersion method.
5.2.3. Radar Clutter Equation
The traditional Clutter Radar Equation used for instruments such as the altimeter is reproduced in 5.7. 
This equation [Watts 1996] and a similar one by Skolnik [1981] is for the case when the bandwidth is 
limited and the reflections are near vertical. From this equation we find the clutter cross section per 
unit area ( cr°),
<j° = ( Pr x 64tF x R2) /  ( Pf x G x  Z2 x  tan2 0) 5.7
Where Pr and Pf are the received and transmitted power measured in watts. The received power is 
calculated using the pulse amplitude and AGC voltages from the new digital ionogram matrix data set 
(see section 5.2.1) along with the original ISIS 2 calibration charts at the wavelength chosen (A).
R is the range from the satellite to the ionosphere in km and is calculated using the group delay (Tf)
obtained from the ionogram data matrix.
Where : R = c x  T f / 2 and c = 3e5 km/sec 5.8
The tan squared theta function is due to the antenna beamwidth of the dipole at various frequencies 
and is reproduced in figure 5-5 and table 5-1 from data obtained by Zuran [1969].
G is the antenna gain function or in this case matching losses (both transmitter to antenna and antenna 
to the Ionosphere). In calculating these losses the approximate gain of the antenna was interpolated 
from the antenna beamwidth graph in figure 5-5 representing the Kraus equation (5.9) quoted in 
Skolnik [1981].
Antenna Gain for a dipole (greater than A/2) = 4tc / 0HP x <j>HP 5.9
Where 0HP is the half power antenna beamwidth and <j>HP is 360°.
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Also taken into account are the antenna mismatch losses obtained from NASA calibration data and 
losses due to Faraday rotation o f the transmitted and received signals.
Interpolation of antenna half power bandwidth
Figure 5-5 Graph displaying half power beamwidth (HPBW) at various wavelengths 
Table 5-1 Antenna HPBW and Gain details.
From the NASA data sets, calibration charts, and equations 5.7-9, the clutter cross section per unit 
area (cr°) were calculated.
5.2.4 Scattering radius
In order to obtain the clutter cross section (crc) and hence the scattering radius (Rs), the total area of 
the ionosphere illuminated (Ae) by the sounders transmitter has to be estimated.
Firstly the area o f illumination (A e ) is estimated in equation 5-10 where R tan 6  estimates the radius
o f illumination from R  in equation 5.8 and 9 from table 5 -1.
Ae = n ( R t a n 9 ) 2 5.10
Then from Skolnik [ l 9 8 1] the clutter cross section (crc) and finally the scattering radius (see figure 5-
3) are calculated using equation 5 .11.
crc = <j ° x Ae = kRs2 5 .11
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A program was written to calculate the scattering radius for the topside ionosphere using the available 
data sets at frequencies o f 2, 4, 6, 8, and 10 MHz. This program will only be valid for near vertical 
reflections. Oblique, field aligned and spread echoes will give high erroneous results. The maximum 
scattering radius will be limited to about 480 km (see section 4.3.1) but will vary as the HPBW 
changes with frequency (see table 5-1).
5.2.5 Topside data selection
The data files for each pass came in groups o f between 10 and 35 ionograms, but not all the files 
contained ionograms and some were corrupt. Eleven groups were chosen in total. Selection was very 
limited at the time o f processing as the data was being digitised systematically by the NSSDC, starting 
with data from the Ottawa ground station. Data was chosen primarily from as many locations as 
possible, secondly for the sunspot propagation cycle and then for day and night time ionograms. 
Generally though the data came randomly and all the data that were obtained was processed and used. 
Table 5-2 lists the data sets and their orbital paths.
Table 5-2 ISIS 2 lonogram data sets used, with propagation conditions and path identification, 
along with the distribution peak for the calculated scattering radius.
path Ionogram 
group No.
Gnd. Station 
Location
Sun spot 
period
7 M T'-js :
Time Comments on Ionogram Peak Scat.
traces Radius km
7917200 RES Resolute Bay medium niohtig poor trace with spreading 60
7917202 RES Resolute Bay medium night spread trace 80
5
8336405 OTT 
7808010 OTT 
8336416 OTT
Ottawa
Ottawa
Ottawa
high
medium
high
night
night
day
field aligned spread traces 200 
very spread trace 600 
field aligned spread traces 60
6 7807908 OTT Ottawa medium night specular and spread traces 80 - 320
7 7517912 OTT Ottawa low day m spread traces 240
7808010 QUI Quito medium night field aligned and vertical trace 140
9 7326814 QUI Quito medium day specular ionosphere 20
10 7309103 QUI Quito: medium night
field aligned and vertical trace 30
11 7517914 QUI Quito low day field aligned trace 60
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Geographic Latitude (deg) 
90
-150 -120 -90 -60 ’ -120 -90 -60 -30
Geographic Longitude (deg)
Resolute Bay
Ottawa
Equator
Figure 5-6 Geographic location o f satellite paths
Figure 5-6 is a section o f the map from figure 3-8 in chapter 3. The map indicates the area covered
and the probability o f spread echoes. An overlay to the right o f the map shows the ISIS 2 satellite
sounding path for each group o f ionograms used in this study. It can be seen that the data covers an
area stretching from below the Equator to the North pole.
5.2.6 The histograms and ionograms of the chosen data sets
Unfortunately the data sets used in this study are not proportionally representative o f the regional 
effects o f spread echoes over the whole global ionosphere (see section 3.3.5). The Ionogram files 
investigated were chosen randomly prior to displaying as ionograms. As the data took a long time to 
transfer and process, all the available data was used and not selected to be representative. However 
there were enough ionosphere types (see chapter 3) represented to provide a good guide to the topside 
scattering effect.
In all about 3000 samples o f data were used. For each ionogram, amplitude and AGC values were 
taken from 3 columns either side o f the 2, 4, 6, 8, and 10 MHz markers. Each column representing a
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25 or 33 kHz step (see table 2-2). Only reliable data was processed where the signal was an obvious 
reflection and not due to noise. This is easily determined by observing the trace on the ionogram. 
Figure 5-9 is a typical ionogram for the sounding orbit, designated path-2 in figure 5-6 and table 5-2. 
Following the ionogram in figures 5-10 and 5-11 are two graphs displaying the scattering results at the 
two frequencies of 4 and 6 MHz where reliable reflections were obtained. Lastly for path-2 in figure 
5-12 a combined scattering distribution is presented. Figures 5-13 to 5-58 provide similar sets of 
ionograms and figures for the other 9 orbital paths of data with the exception of path-6. Path-6 is split 
into two sets of distributions, one where the ionosphere was specular (6a) and (6b) where it changed to 
a spread ionosphere (see figure 3-9). The path-1 set of figures only contains one combined scattering 
distribution due to a limited data set.
Note that the x-axis are all scaled the same for each path (with the exception of path-6) but different 
for varying scattering effects. The histograms were adjusted to produce the best observable peak, and 
thus an indication of the scattering radius.
6 (MHz)
Figure 5-7 Ionogram (79172002707) - Path No.1  
Typically 1 o f 5 ionograms taken when passing over the ground station Resolute Bay
Figure 5-8 Combined scattering distribution for path 1
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(MHz)
Figure 5-9 Ionogram (79172022139) - Path No. 2 
Typically 1 o f 23 ionograms taken when passing over the ground station Resolute Bay
Path No.2 - 4 MHz scattering distribution
Figure 5-10 4 MHz scattering distribution for path 2
Figure 5-11 6 MHz scattering distribution for path 2
Path No.2 - Combined scattering distribution
Minimum scattering = 5 km 
Maximum value = 10310 km 
Total No. of samples = 295 
Percentage displayed = 89%
Scattering radius (km)
Figure 5-12 Combined scattering distribution for path 2
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1 1.5 2 (MHz)
Figure 5-13 Ionogram (83364055036) - Path N o.3 
Typically 1 o f 30 ionograms taken when passing over the ground station Ottawa
Path No.3 - 2 MHz scattering distribution
Figure 5-14 2 MHz scattering distribution for path 3
Path No.3 - 4 MHz scattering distribution
Figure 5-15 4 MHz scattering distribution for path 3
Path No.3 - Combined scattering distribution
Figure 5-16 Combined scattering distribution for path 3
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6 (M Hz)
Figure 5-17 Ionogram (78080103458) - Path  N o.4  
Typically 1 o f 11 ionograms taken when passing over the ground station Ottawa
Figure 5-18 2 MHz scattering distribution for path 4
Figure 5-19 4 MHz scattering distribution for path 4
Path No.4 - Combined scattering distribution
Minimum scattering = 144 km 
Maximum value = 49023 km 
Total No. of samples = 132 
Percentage displayed = 91%
I Hi
BB
'   j
Scattering radius (km)
Figure 5-20 Combined scattering distribution for path 4
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1 1.5 2 4 6 (MHz)
Figure 5-21 Ionogram (83364164201) - Path N o .5  
Typically 1 of 28 ionograms taken when passing over the ground station Ottawa
Path No.5 - 4 MHz scattering distribution
Scattering radius (km)
Figure 5-22 & 23 2 and 4 MHz scattering distribution for path 5
Path No.5 - 8 MHz scattering distribution
o o o o o o o o o o o o o o oc o t o c n c M i n c o T - T f r ^ - o c o c o o c N i r )
Scattering radius (km)
Figure 5-24 & 25 6 and 8 MHz scattering distribution for path 5
Figure 5-26 Combined scattering distribution for path 5
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1 1.5 2 4 (MHz)
Figure 5-27 Ionogram (78079084247) - Path N o .6 (see also figure 3-9) 
Typically 1 o f 16 ionograms taken when passing over the ground station Ottawa
Path No.6a - 2 MHz scattering distribution
Scattering radius (km)
Figure 5-28 2 MHz specular distribution Figure 5-29 2 MHz spread ionosphere
Figure 5-30 4 MHz specular distribution Figure 5-31 4 MHz spread ionosphere
Path No.6a - Combined scattering distribution
Minimum scattering = 35 km 
Maximum value = 798 km 
Total No. of samples = 35 
Percentage displayed = 99%
o o o o o o o o o o o o o o o
tJ - C O C N J C O O - sJ - C O C M C D O ^ C O C M O D Oi - T - C M C M C s l C O C O ' ^ - ' r t - ' ^ - l D i n t D
Scattering radius (km)
Path No.6b - Combined scattering distribution
Minimum scattering = 46 km 
Maximum value = 44797 km Total No of samples = 171 
Percentage displayed = 99%
Scattering radius (km)
j M1JI i...
o00 oCO oVCD 800 960
Figure 5-32 Combined specular distribution Figure 5-33 Combined spread ionosphere
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(MHz)
Figure 5-34 Ionogram (75179124110) - Path No. 7 
Typically 1 o f 8 ionograms taken when passing over the ground station Ottawa
Path No.7 - 2 MHz scattering distribution
Scattering radius (km)
Figure 5-35 2 MHz scattering distribution for path 7
Path No.7 - 4 MHz scattering distribution
Figure 5-36 4 MHz scattering distribution for path 7
Path No.7 - Combined scattering distribution
Minimum scattering = 18 km 
Maximum value = 6888 km 
Total No. of samples = 84 
Percentage displayed = 89%
i S
: 6888 km Bli
I
Scattering radius (km)
Figure 5-37 Combined scattering distribution for path 7
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4 (MHz)
Figure 5-38 Ionogram (78080102408) - Path  No. 8 
Typically 1 o f 16 ionograms taken when passing over the ground station Ottawa
Path No.8 - 2 MHz scattering distribution
o o o o o o o o o o o o o o of ' - ' 3 - * - C O U ‘) C \ j a > t O C Q O N . M , * - O O l OT - c N C M c o - ' T ' K r m c D r ^ - r - ' - c o a T c n o
Scattering radius (km)
Figure 5-39 2 MHz scattering distribution for path 8
Figure 5-40 4 MHz scattering distribution for path 8
Figure 5-41 Combined scattering distribution for path 8
5-17
Dis
trib
utio
n 
Dis
trib
utio
n 
Dis
trib
utio
n
Chapter 5 : Verification o f  the D ispersion  Method
Figure 5-42 Ionogram (73268144240) - Path N o.9  
Typically 1 o f 34 ionograms taken when passing over the ground station Quito
Path No.9 - 2 MHz scattering distribution Path No.9 - 4 MHz scattering distribution
c2
|  I
Q jj
.f I j"*""' 1 —...i'l"" "1'),,..„VLI,|.. .
O o o o o o o o o o o o o o oCN N-COCOOCslN-COCOOCNN-CDOOO ■*-t— CNCNCNCMCNCO
Scattering radius (km)
Figure 5-43 & 44 2 and 4 MHz scattering distribution for path 9
Path No.9 - 8 MHz scattering distribution
Scattering radius (km)
Figure 5-45 & 46 6 and 8 MHz scattering distribution for path 9
Path No.9 -10 MHz scattering distribution
Scattering radius (km)
Figure 5-47 & 48 10 MHz and combined scattering distribution for path 9
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6 (MHz)
Figure 5-49 Ionogram (73091034550) - Path No. 10 
Typically 1 o f 26 ionograms taken when passing over the ground station Quito
Path No.10 - 2 MHz scattering distribution
Figure 5-50 & 51 2 and 4 MHz scattering distribution for path 10
Path No.10 - Combined scattering distribution
Minimum scattering = 7 km 
Maximum value = 5373 km 
Total No. of samples = 316 
Percentage displayed = 99%
Scattering radius (km)
Figure 5-52 & 53 6 MHz and combined scattering distribution for path 10
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1 1.5 2 4  6 (M Hz)
Figure 5-54 Ionogram (75179141335) - Path N o .11 
Typically 1 of 13 ionograms taken when passing over the ground station Quito
Path No.11 - 2 MHz scattering distribution Path No.11 - 4 MHz scattering distribution
Figure 5-55 & 56 2 and 4 MHz scattering distribution for path 11
Path No.11 - 6 IVHz scattering distribution
o o o o o o o o o o o o o o o
C O C D C D C N i l O O O r - ’^ r ^ O C O C D O C M i O  
t— r — CNi CM CNJ CO CO CO P)  ^
Scattering radius (km)
Path No.11 - Combined scattering distribution
Minimum scattering = 18 km 
Maximum value = 1828 km 
Total No. of samples = 172 
Percentage displayed = 91%I
Scattering radius (km)
Figure 5-57 & 58 6 MHz and combined scattering distribution for path 11
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5.2.7 Equivalent Scattering radius
The simulations and theory for the dispersion method are discussed in chapter 4. One of the 
parameters set for the method to work included the scattering radius of the returning signals (see 
section 4.4). This is the only parameter outside the control of the equipment specification. The 
simulations indicate that a scattering radius of 50 km is the limiting factor for this method.
The results from the study in this chapter came from the ISIS 2 satellite which was in a 1400 km orbit, 
placing it approximately 1000 km above the F2 layer. If the satellite were in the lower proposed 
800 km orbit then the equivalent scattering radius would be 2.5 times less (see section 4.3.1). This 
means that a measured scattering radius of 125 km from ISIS 2 is equivalent to a 50 km scattering 
radius on the proposed sounder. This is the limiting parameter for phase rotating the returned inphase 
and quadrature signals correctly and thus the dispersion method to work.
5.2.8 Measured scattering results from the topside ionosphere
From the ionograms and histograms of section 5.2.6 it can be seen that the scattering radius varies 
from a peak average of 20 km for the most specular ionosphere in path-9, up to 600 km for the very 
spread ionosphere of path-4 (see table 5-2). We can discount the results from spread echo regions of 
paths 3, 4, 6b, and 7 as being inaccurate as these were not from near vertical reflections. It is noted 
that these ionograms show prominent field aligned, spread traces, oblique reflections and significant 
spread echoes.
Path-1 shows a very poor trace. It is possible that the losses were greater than normally expected in 
this case due to antenna/ionosphere interaction. It is then possible that the scattering radius 
calculations may not be valid.
This then left a peak scattering radius of between 20 and 140 km from the histograms of results from 
paths 2, 5, 6a, and 8 to 11. To fit the scattering limit of 125 km we reject path-8 which produced 
spread trace, field aligned ionograms leaving 50% of the paths and their attached ionograms for study.
5.2.8.1 The specular Ionosphere
Path-6a (top two ionograms in figure 3-9) is a specular ionosphere indicating a real scattering peak of 
80 km radius with an absolute maximum of 120 km (48 km in the lower orbit). This falls completely 
within the parameters set for the processing to work. Path-9 (figure 5-42) is a typical specular 
ionosphere with a peak scattering radius of 20 km indicated on the histograms. The graphs suggest 
that this could probably increase up to about 80 km over the complete frequency range. It is worth 
noting then that where the complete path was specular the equivalent lower orbit scattering radius
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would be up to 32 km, whereas in path-6a where the ionograms were changing from specular to 
spread, the scattering was 48 km.
Path-10 produced a typical ionogram with a vertical and field aligned traces and no spreading. The 
spread in results show an average peak in the results at 30 km with a significant spread up to only 90 
km for the vertical trace. Again these results are well within the set parameters for processing.
Path-11 was similar to path-10 with vertical traces but in this ionogram the field aligned traces were 
more prominent. It is also worth noting that resonances are present up to the cusp of the ionogram 
indicating a strong antenna/ionosphere interaction with the minimum of losses. At 2 MHz there are 
two prominent scattering peaks. One at 30 km from the vertical trace, and one at 210 km from the 
field aligned trace. For the rest of the trace at 4 and 6MHz the scattering effect peaked at 60 km with 
a significant spread up to 120 km.
It is observed that all specular ionospheres in this study fall within the scattering parameter set in 
chapter 4 to measure dispersion. Notably even when ducted traces and extended harmonic resonances 
are present.
5.2.8.2 The spread echo Ionosphere
A maximum peak scattering radius of 80 km is given for path-2 being equivalent to 32 km in the 
suggested 800km orbit. The histograms indicate that significant scatterers up to a range of 160 km 
(64 km at the lower orbit) at 2 MHz and 240 km (96 km at the lower orbit) at 4 MHz are also possible. 
This suggests that this spread ionosphere is a border line case for the dispersion method and could 
only be confirmed with real inphase and quadrature data from the topside. This data is not available at 
present.
Path-5 had a peak at 60 km scattering radius with a significant spread in results up to 150 km (60 km 
in the lower orbit). This spread is just outside the set parameters. Again though with no real data 
available, this type of ionosphere (slight spread trace with no field aligned ducted trace) may be 
possible to process using the methods suggested in chapter 4.
These two cases tend to suggest that an ionogram with a little spreading in the trace with no field 
aligned trace may also produce pulse returns that are processable.
5.2.9 Conclusions about topside scattering
The theoretical results from section 5-1 indicate that a scattering radius of between 5 and 25 km would 
be expected at a satellite in an 800 km orbit from a perfectly smooth fully illuminated ionosphere.
The real results from the most specular ionosphere in figure 5-42 (path-9) indicates a peak value for 
the scattering radius of 20 km (equivalent to 8 km at the lower 800 km orbit). The histograms indicate 
a spreading of up to 60 km (24 km in the calculated lower orbit). There appears to be no correlation
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between the theoretical calculations at various wavelengths and the measured results. This is due to 
the beamwidth of the ISIS 2 antenna at various wavelengths compared to the fully illuminated 
predictions, and that the scattering appears to get worse at the higher wavelengths.
The conclusions drawn in section 5.2.8 indicate that if a topside sounder were placed in an 800 km 
orbit, the returning reflected pulses would be within the processing parameters, even with a slightly 
rough ionosphere that produces some spreading of the ionogram trace.
5.3 Verification of the ‘tripulse’ envelope
In chapter 4 it was found that the amplitude of the ‘tripulse’ envelope in the phase corrected 
quadrature channel was the key to the direct measurement of dispersion using the new ‘dispersion 
method’. In this section real data is analysed from a digital ground based sounder in an attempt to 
verify the simulated ‘tripulse’ of section 4.2.5. The Dynasonde vertical incident sounder was chosen 
because it is capable of producing inphase and quadrature samples from a single reflected Gaussian 
pulse at a sampling rate similar to that simulated in chapter 4. This data was then used to verify the 
existence of tripulses in real reflections from the bottomside ionosphere.
The international EISCAT Scientific Association in Northern Scandinavia set up a special sounding 
program using a Dynasonde sounder to the required specification. It is from this sounder located 
close to the city of Tromso in Norway where the required data sets in the form of 7.7 Mbyte files were 
obtained. These were electronically transferred along with their ionogram files and software for 
displaying the ionograms and sampled data.
5.3.1 The Dynasonde
The Dynasonde is a digital HF sounder covering 1-30 MHz. It is sometimes referred to as a 
Frequency Agile Sounder (FAS), or an Advanced Ionospheric Sounder (AIS), hence the acronym 
FAIS for the operating software. It can be run like an ionosonde or in other modes such as a fixed 
frequency sounder. An important feature of the Dynasonde is its multiple antenna and receiver 
system. The output of the receiver is digitised into inphase and quadrature signals. The reason for 
using two phase-matched receivers is to enable a pair of closely-spaced receiving antennas to be 
sampled simultaneously, avoiding ambiguity in the echo measurements. Several pairs of antennas 
enable the spatial displacement and vector Doppler velocities of ionospheric structures to be obtained. 
Five typical ‘pulse sets’ containing all the data required by the Dynasonde processor are shown in 
table 5-3.
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Table 5-3 Data Browser Screen showing highlighted I, Q and magnitude data for one range bin.
--------------------Data browser 6 .1 2 ---------
<ESC> to choose another pulse set Any other key to see more echoes
--------------C:\EISCAT\TR038967.IPG -
PCT Length 12908 bytes Index : 476 Tik : 1,921
Maximum rms amplitude : 1017 Attenuation RF : 0 dB IF : 8 dB
Mean noise level : 71 Echoes : 379
4,727,900 Hz 4,735,900 Hz 4,735,900 Hz 4,727,900 Hz
Range Bin XO -546 -114 145 -486
2060 Y0 -525 141 -443 -551
X1 236 44 -245 329
Y1 -999 280 494 -945
UY -59.41° 47.89° 171.74° -60.55°
Rx 0 757@  -136.12° 181 @ 128.96° 466(a) -71.88° 734@ -131.35°
Rx 1 1026@ -76.71° 283@  81.07° 551(a) 116.38° 1001@ -70.80°
Range Bin XO -397 -84 -346 -326
2070 Y0 -707 137 -429 -704
X1 376 -121 -89 477
Y1 -957 -74 282 -895
UY -50.77° -89.93° 123.60° -52.90°
Rx 0 811@ -119.32° 161(a) 121.51° 551 @ -128.89° 776@ -114.85°
Rx 1 1028@ -68.55° 142(a) -148.55° 296@  107.52° 1014(3) -61.94°
Range Bin XO -253 -120 -704 -152
2080 Y0 -779 -104 -235 -765
X1 531 -301 37 611
Y1 -813 -318 -109 -742
UY -51.14° -5.66° -90.29° -50.71°
Rx 0 819@ -107.99° 159@-139.09° 742@ -161.54° 780@-101.24°
Rx 1 971 @ -56.85° 438@ -133.43° 115@ -71.25° 961 @ -50.53°
Range Bin XO -88 -291 -738 12
2090 Y0 -719 -399 -5 -709
X1 607 -337 46 656
Y1 -617 -412 -527 -521
UY -51.51° 3.18° -94.60° -50.57°
Rx 0 724@  -96.98° 494@ -126.10° 738@ -179.61° 709@ -89.03°
Rx 1 866@  -45.47° 532@ -129.28° 529@ -85.01° 838@ -38.46°
Range Bin XO 30 -483 -442 80
2100 Y0 -585 -519 65 -561
X1 531 -197 -63 576
Y1 -416 -370 -723 -309
UY -48.99° -14.91° -93.39° -53.67°
Rx 0 586@  -87.06° 709@ -132.94° 447@  171.63° 567@ -81.88°
Rx 1 675@  -38.08° 419@-118.03° 726@  -94.98° 654@  -28.21°
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The Dynasonde employs a TMS32010 DSP processor and utilises ail echo detection scheme which 
effectively eliminates interference and atmospheric noise from the ionogram. A complete pulse set is 
transmitted once every 40 milli-seconds, and an ionogram can be completed in about 40 seconds.
Many different configurations are possible but in this study only some of the data from each pulse set 
is required (see section 5.3.2). The highlighted data in the 2060 range bin represents the only part of 
a pulse set necessary to measure the unprocessed Inphase and quadrature parameters at the fixed 
frequency of 4.727 MHz required for this study. Forty consecutive range bins of inphase and 
quadrature data from the X0 and Y0 channels were used to process and produce the results in figures
5-61 to 5-63 and 5-66 to 5-68.
5.3.2 The Dynasonde data set
The i_g (ionogram) files were taken before and after each ipg (data) file which contained the data sets 
required. Two such sets of data are used in this study. The ionograms were displayed using the 
Datamovie software supplied and are shown in figures 5-59 and 5-60 for the first pair and figures 5-64 
and 5-65 for the second. Databrowser also supplied by Eiscat was used to interrogate the ipg data 
files. The ionograms taken before and after are therefore used to work out where the "real" echoes 
are and the corresponding complex numbers are then found using the Datbrowser program, (see 
section 5.3.3)
The full ipg data sets are sounded in the following way :
Complex (incoherent inphase and quadrature) values are stored at each height from 70 to 650 km from 
two different antennas (one North-South orientation and one East-West). These are sampled 
simultaneously in two receiver channels. Normally each receiver would multiplex between up to 
three different antennas on each of the 4 pulses within a pulse-set. The four pulses within a pulse set 
are made at frequencies f, f+8kHz, f+8kHz, f  where f is swept from 1 to 7 MHz. The frequency 
offsets are useful for getting the height with greater precision than the simple time-of-flight, by using 
d(phase)/d(frequency) to interpolate between range gates.
In this study only a single antenna was used in the sounding. Although data from both receiver 
channels were collected, only data from receiver channel 0 was processed (see table 5-3).
The sampling rate was set at 100 kHz or 10 microseconds which corresponds to range bins (or height 
gates) 1.5 km apart. The Gaussian shaped pulse was set at 60 ps long at the half power points.
The numbers marked X0 and Y0 in each range bin displayed in table 5-3 are ADC counts for the 
unprocessed Inphase and Quadrature channels. The attenuation of the RF and IF stages were set by 
the automatic gain control logic as shown in the header of each pulse set.
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5.3.3 The Dynasonde ionograms
The vertical incident bottom-side Ionograms from the Tromso Dynasonde sounder located at 69° 
North and 19° East were taken on the 14^ March 1997. The Ionogram, and file timing for the first set 
of data is as follows :
1. Ionogram TR038960.i_g from 09 : 14 : 21 to 09 : 14 : 45 (24 secs.) figure 5-59
2. Data file TR038961.ipg from 09 : 14 : 46 to 09 : 15 : 34 (48 secs.) figures 5-61,62 & 63
3. Ionogram TR038962.i_g from 09 : 15 : 48to 09 : 16 : 13 (25 secs.) figure 5-60
For the second set of data at the same location and day :
1. Ionogram TR038966„i_g from 11 : 36: 37 to 11 : 37: 01 (24 secs.) figure 5-64
2. Datafile TR038967.jpg from 11:37:03 to 11:37:51 (48 secs.) figures 5-66,67 & 68
3. Ionogram TR038968.i g from 11 : 38 : 05 to 11 : 38 : 30 (25 secs.) figure 5-65
The time between each consecutive ionograms in these data sets is approximately 90 seconds. It can 
be seen that the ionograms have changed, but not significantly. The traces represent a spread 
bottomside ionosphere, not ideal for the purpose of this research.
In the simulations of chapter 4 one of the parameters for accurate measurement of dispersion was a
low scattering effect from the ionosphere. In section 5.2.2 real pulse envelopes from a specular
topside ionosphere are plotted. When manually selecting pulses from the bottom side sounder data set 
for processing one of the criteria for selection is the symmetry of these topside pulses.
The other criteria is a well defined pulse with little noise and no interference signals. The signal to 
noise ratio on the topside sounder is within the control of the sounders specification, while the 
ionosphere shields the topside sounder from large ground based interference.
The data were processed and the results are displayed in figures 5-61 to 63 and 5-66 to 68 for their 
respective pair of ionograms. Each figure comprises a pair of plots. The first plot is from the 
sounders X0 and Y0 channels and is the X0, Y0 and Absolute envelopes made up from 40 range bins 
centred around the peak of the absolute envelope. The second plot uses the same data but is phase 
rotated using the ‘rotation algorithm’ of section 4.1.2 to produce coherent inphase and quadrature 
envelopes along with the absolute pulse.
The index number referred to in the figures is from the databrowser display and relates to the 
frequency of the sounder, this is given. The height of the reflection at the peak of the envelope is also 
indicated in kilometres.
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Figure 5-59 : Bottom-side vertical sounding lonogram TR038960
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Figure 5-60 : 90 seconds later - sounding lonogram TR038962
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Figure 5-61 : Processed results from file : TR038961 ipg, Index 201 (1.93 MHz at 194 km)
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Figure 5-62 : Processed results from file : TR038961 .ipg, Index 210 (1.98 MHz at 197 km)
Figure 5-63 Processed results from file : TR038961.ipg, Index 485 (4.87MHz at 352 km)
In this first data set (file TR038961) the first two pairs o f figures (5 -6 1 & 62) come from a low 
dispersive ionosphere (i.e. a low gradient on the ionogram trace) around a frequency o f 1.95 MHz. and 
height o f 195 km. Both o f these show a distinct ‘tripulse’ in the envelope o f the processed quadrature 
channel. As the dispersion is low, so the amplitude o f the ‘tripulse’ envelope is low compared to the 
absolute amplitude, as predicted in the simulations.
Figure 5-63 at 4.87 MHz and a height o f 352 km is from a much greater gradient. The absolute pulse 
here is non symetrical as is the ‘tripulse’ in the quadrature channel. However it is observed that
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Figure 5-65 : 90 seconds later - sounding Ionogram TR038968
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Figure 5-64 : Bottom-side vertical sounding Ionogram TR038966
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Figure 5-66 : Processed results from file : TR038967.ipg, Index 475 (4.71 MHz at 315 km)
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Figure 5-67 : Processed results from file : TR038967.ipg, Index 476 (4.73 MHz at 317 km)
Figure 5-68 : Processed results from file : TR038967.jpg, Index 497 (5.06 MHz at 365 km)
despite the non symmetry of the Tripulse’ the envelope still has a far greater amplitude, indicating an 
increase in dispersion.
The second data set (file TR 038967) is also made up of pairs of pre and processed plots, the same as 
the first set. The first figure (5 -6 6 ) here is again from a low dispersive ionosphere. Again the low 
amplitude ‘tripulse’ appears in the processed quadrature channel as in figures 5 -6 1 and 62. The 
second pair (figure 5-67) shows a very distinctive ‘tripulse’ with increased amplitude proportional to 
dispersion.
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The last pair in figure 5-68 shows a deliberately poor absolute pulse envelope made up of many pulses 
from a very disturbed ionosphere. Again the ‘tripulse’ is present but completely non-symetrical.
It maybe that further research using real data would show a correlation between the non-symetry of 
the quadrature channel and an increase in spread-F.
From this limited data which falls outside the parameter of an undisturbed, specular ionosphere 
(which the simulations in chapter 4 presumed) good results were obtained. It is believed that these 
results indicate that the simulations of chapter 4 are correct, and that the ‘Dispersion Method’ is 
validated.
5.4 Conclusions
In this chapter the theoretical scattering effect of a perfectly reflecting sphere in the terms of scattering 
radius has been compared to real digital topside data that has only just become available.
The theoretical results from section 5-1 indicate that a scattering radius of between 5 and 25 km would 
be expected at a satellite in an 800 km orbit from a perfectly smooth fully illuminated ionosphere.
In section 5-2 the histogram of figure 5-42 shows real results from the most specular ionosphere and 
indicates an adjusted peak value of 8 km at the lower 800 km orbit, with a spreading of up to 24 km. 
There appears to be no correlation between the theoretical calculations at various wavelengths and the 
measured results. This could be due to the antenna beamwidth varying with frequency compared to 
the fully illuminated predictions. The scattering in fact does the opposite to the predictions and 
increases with frequency.
Where the ionosphere is not perfectly specular but slightly rough, then it is concluded that the 
returning reflected pulses may be within the processing parameters, even with a slightly rough 
ionosphere that produces some spreading of the ionogram trace.
The bottomside ionograms in section 5-3 showed a large degree of spreading. This imperfect data 
from a non specular ionosphere was used to verify the ‘Dispersion Method’. When the parameters set 
from section 5-2 were adhered to in selecting pulse sets from the data, ‘tripulses’ of varying 
amplitudes were observed. These limited results tend to support the ‘Dispersion Method’ simulations 
in chapter 4.
In fact the results from this chapter indicate that the ‘Dispersion Method’ may work on a worse case 
ionosphere than was first predicted. This can be observed from two separate sources : .
• Firstly from the topside scattering data, where even a slightly spread trace fell within the scattering limits.
• Secondly the ground based data was very spread and still produced ‘tripulses’.
5-31
Chapter 5 : Verification o f  the D ispersion  M ethod
From this it is concluded that the Dispersion Method will work within the scattering parameters set, 
and also possibly from an ionosphere that has a limited spread in its ionogram traces.
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Along with the basic specifications that were developed in chapter 2, this chapter describes the reason 
for choosing this published design, and how the system design was arrived at.
The subsystems for this sounder payload consists of a Sounder Core Subsystem (SCS), Antenna 
Subsystem (AS) and Transmitter Subsystem (TS). The SCS is developed in some detail. The design 
is based around a Direct Conversion (DC) phase sensitive receiver. This is implemented with a CAN 
micro-controller, an RJF amplifier strip, two Direct Digital Synthesisers (DDS) and high level mixers 
using VLSI components. The design is described explaining how the specifications can be achieved.
Problems are explored in the design and implementation of the AS. Suggestions are made as to how 
this equipment should be positioned on the satellite structure.
Algorithms for the main control systems, Automatic Antenna Tuning Unit (AATU) and Digital Signal 
Processing are developed.
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6.1 Design philosophy
The design requirements for a small satellite payload are specific and differ from those for 
terrestrially based equipment. Often the main design criteria would be cost, in the case of 
commercially used equipment, or ruggedness, in the case of military, where cost is of secondary 
importance to specification. For small satellite systems the most important design criteria are :
• The DC power budget.
® The specification (will the equipment fulfil all the functions required of it).
• Reliability.
The DC power budget is dependent on the equipment design and the operating modes. The power 
used by the payload therefore is one factor that is within design control. This was considered in the 
initial feasibility study in section 2.6.
The second criterion is more complex, and effects the first. For this reason a complete study of 
topside sounding and any possible future requirements were undertaken. It is therefore decided to 
make the proposed payload as flexible as possible. Making the sounder hardware and processing 
controllable from the ground station ensures this flexibility. Also as the satellite power systems 
decay, less power becomes available for the payload. For this reason it is considered that a minimum 
configuration which will allow the sounder to continue to operate for as long as possible is desirable. 
Power reduction can be achieved by operating the payload with reduced capability or lowering the 
sampling rate. One trade off to achieve lower power consumption is less data per sounding or less 
soundings per orbit.
However the most important criterion when designing a payload for a small satellite is almost 
certainly reliability. It is difficult to send a service engineer to repair or retrofit any required upgrade! 
There are several ways to ensure that equipment designed for use on a satellite will perform correctly 
during its useful lifetime :
• Use of good design practice and manufacturing techniques.
• The use of multiple redundancy in systems.
• Burn in of equipment to ensure initial failures are eliminated.
• Use of the best components available, (not necessarily space qualified components).
It has been concluded by Asenelc [1996] that, “if modem components together with available fault 
prevention techniques, complemented with fault tolerance techniques are used to design, build and 
test an electronic system, the probability of this system failing is extremely low”
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Design complexity can generally improve the performance of equipment, but at the same time the 
circuit can become less reliable due to an increase in components. Therefore using less components, 
and avoiding, if possible, those with inherent problems (such as components with moving parts) has 
become the primary design criteria for the topside sounder payload.
6.2. Sounder specifications.
From the initial study in section 2.1. the following sounder specification is taken as a basis for further 
detailed design.
Antennas
Antenna length 
Antenna Polarisation 
Antenna matching
Two at 15 m tip-to-tip
Both circular and linear on transmit and receive, 
fast Automatic ATU with a tailored “Q”.
Transmitters
• Frequency range
• Transmit power
• Frequency control
• Pulse width
• Sweep resolution
0 - 15 MHz.
1 - 200 watts - 2off (section 2.5.).
Direct Digital Synthesis (DDS)
50pS - 1ms. (or coded) 
variable (section 4.5.).
for example in TSM high resolution sweep (section 4.5.2.3.).
=> Sweep resolution = 1 pulse every 50 kHz
=> Time between pulses = 26 ms
=> Pulse Repetition Frequency (PRF) s  37.5 Hz
=> Sweep rate = 2 MHz /sec
=> Maximum Frame Time = 28 secs
Receivers
• Receiver type
• Receiver filters
• Detector
• Demodulation
• Frequency control
: Direct conversion (section 6.3.3.).
: Six switched bandpass filters for :
0.3 - 1 MHz, 1 - 2 MHz, 2 - 3 MHz, 
3-5 MHz, 5-8 MHz, 8-15 MHz
: Phase sensitive detectors (section 4.1.).
: Digital Signal Processing (section 4.4.5.)
: Dual DDS local oscillator.
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AGC characteristics 
Bandwidth 
Sensitivity 
Dynamic range
Variable - Software controlled AGC 
Variable, using switched capacitor type LPF. 
lpv into 50Q RF amplifier (-107dBm). 
Greater than 120dB.
Other
• Power requirements
• Down link
• Memory
9 to 17 watts (section 2.6.).
UHF and S band (section 2.7.7,).
250 Mbyte solid state mass data storage (section 2.7.4.).
6.3 The Payload Subsystems.
The above philosophy and specification has to be implemented in the design of all the topside sounder 
payload hardware. The subsystems are shown in figure 6-1 and 6-2. These include :
• Antenna system (switching, matching and receiver bandpass filtering).
• Transmitter power amplifier and lowpass filtering.
® Sounder Core, which includes the receiver demodulation, RF amplifier, age,
Local oscillator and transmitter driver.
From now on these will be denoted the Antenna (AS), Transmitter (TS), and the Sounder Core 
subsystems (SCS).
6.3.1. Payload Description
The complete sounder is shown in figure 6-1. It can be controlled from the ground by up-loadable 
software, to determine both operational configuration and the type of modulation and demodulation. 
The circuit can also be used as a pair of traditional swept frequency topside sounders. Single 
amplitude pulse modulation has been described in chapter 4 and is configured in the DDS. The 
sounder is not limited to this mode of modulation but is capable of phase/amplitude/coded pulses and 
chirp. The DDS units can provide any required phase shift including 90° in the signal at the output of 
the dual transmitter circuits. Therefore the dual Antennas can be configured for linear or left and right 
hand circular polarisation independently for transmitting and receiving, over the complete frequency 
range.
The onboard computer is not dedicated to the sounder payload as it is used to control other systems on 
the satellite. However any software that has been uploaded from the ground will pass through this 
computer and be redirected via a CAN bus to controllers that contain the control algorithms for the
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antenna and DDS circuits (section 6.8.). The DSP units are a separate subsystem, although integrated 
into the SCS module (section 6.7.).
6.3.2. Payload Configuration
A basic block diagram of the proposed payload is re-produced in figure 6-1. The interconnections 
between the circuit blocks are shown simplified for clarity. For full implementation they would be 
multiplexed to enable the sounder to be configured in its three main modes of operation :
• Advanced Dispersion Method (ADM)
• Advanced Ionogram Mode (AIM)
• Traditional Sounding Mode (TSM)
A ge — ------ — ►
l&Q
D em o d u lato r H ard w are
A ge D em o d u lato r H ard w are
l&Q Q
g |i | |
D igital
S ig n a l
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I
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A  To CAN 
\ ~
D igital
S ig n a l ------ .>
P r o c e s s o r
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Q • i «
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B o a rd
C o m p u ter
To payload 
control
Figure 6-1. The topside sounder block diagram indicating the many operating configurations and 
redundant features that provide a ground configurable sounding laboratory in space.
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Sounder Core Subsystem ( SCS ) 
One complete system block
Figure 6-2a TSM (Traditional Sounding Mode) configuration
configured for 
circular 
polarisation
Figure 6-2b Advanced Ionogram and Dispersion Mode configuration
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Figure 6-2c Possible configuration for future research into image processing
6-6
Chapter 6 : System  D e s ign
Sections 2.5, 2.6, 2.7 and 4.5 give the configuration and characteristics for these modes of operation. 
Figure 6-2a shows the TSM whereas figure 6-2b is for both ADM and AIM, the difference being in 
the processing. Figure 6-2c gives the full implementation which is proposed for research into 
advanced imaging of the topside ionosphere.
Other reasons for making the payload configurable from the ground are :
• To provide multiple redundancy when the payload is in its minimum configuration of TSM.
• Enable reduced power working as the power systems deteriorate.
• Provide the facility of further configurations as the research parameters change.
In figure 6-1 the shaded blocks represent signal processing and control, the black blocks represent the 
subsystems that are common to both transmit and receive, the white blocks represent the receiver 
circuits, and the transmitter blocks all have a heavy outline. This notation is followed through in 
figure 6-2 and 6-3.
However within the context of this research which has focused on the effects of the ionosphere on a 
single pulse, and due to time limitations, one subsystem has been considered in more detail than the 
rest. This is the SCS (Sounder Core Subsystem). The main function of this subsystem is the 
sounder receiver described in section 4.1. There are several types of receiver that could be used in 
the topside sounder design. Past topside sounders have used single and double superheterodyne type 
receivers (section 2.1.3.) whilst the latest ground based portable Digisonde [Haines 1994] uses a low 
Intermediate Frequency (IF) of 225 kHz and is digitised directly after the mixer using an Analogue to 
Digital Converter (ADC). This type of sounder receiver was proposed by Mathwich [1981] but has 
never been implemented on a topside sounder (see section 1.4.2.4). It is proposed for this topside 
sounder to use a similar configuration as Mathwich with the exception that the high level mixer will 
have a zero IF output, commonly known as a Direct Conversion (DC) receiver. In fact due to the 
flexibility of the proposed receiver design it would also be possible to configure the digitising and 
Low Pass Filter (LPF) circuits to operate at the higher frequency of around 200 kHz.
6.3.3. Direct Conversion (DC) receivers
Previous topside sounders using superheterodyne receivers have had many problems, mainly caused 
by spurious signals due to mixing products (section 2.1.3.). In figure 6-3 it can be seen that DC 
(Direct to baseband Conversion) has been chosen as part of the proposed receiver design. The main 
reasons for using this type of receiver are :
• simplicity
• reliability
• wide dynamic range
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• suitability for use with digital signal processing.
• phase preservation of signal for coherent detection.
In general the simpler the circuit the more critical the design becomes for a given level of 
performance. There are however several drawbacks to this kind of circuit.
• Bandwidth - The single ended output bandwidth of a DC receiver is twice that of a 
superheterodyne, this degrades the noise level by 3dB when receiving a carrier. Also with a 
Local Oscillator (LO) signal of say 5.0 MHz and a received Radio Frequency (RF) signal of
5.001 MHz, the mixed output would be an Audio Frequency (AF) signal of 1 kHz. If the same 
DC receiver has an RF signal 1 kHz away at 4.999 MHz, this will also be received 
superimposed on the first signal. In the case of the proposed topside sounder there is unlikely 
to be an image. If there were an image due to ground breakthrough this may not be a problem 
as the I/Q phase sensitive detector and DSP demodulator could be used to eliminate the 
unwanted ‘audio image’ by Audio Frequency (AF) phasing. This typically provides 30 to 40 dB 
of sideband rejection [RSGB 1982].
• Local oscillator (LO) radiation - In the DC receiver of figure 6-3 the local oscillator is running 
at almost the same frequency as the incoming RF signal, and is therefore impossible to filter 
out. This can cause a problem of radiation at the antenna, and a degradation in the receivers 
performance. Low power radiation from the antenna can cause a problem at low frequencies as 
the RF energy can stimulate the plasma surrounding the antennas causing changes in impedance 
matching and unwanted resonances. This can lead to a serious desensitisation of the receiver. 
It is important therefore to ensure that isolation between the Direct Digital Synthesiser (DDS) 
local oscillator and the antenna system is maintained. This is partly achieved with the use of 
high level mixers which provide 70 dB of isolation. The RF amplifier strip will typically 
provide another 30 dB if adequate screening is introduced. Thus with the DDS set to provide 
-20 dBm of output into the mixer, the signal into the antenna matching unit will be about -120 
dBm (10-15 Watts). This is further decreased due to the inefficiencies of the antenna matching 
which varies with frequency. In fact this works in our favour because at the lower frequencies, 
below 1 MHz where resonances occur, a further 20 dB of signal isolation is obtained from 
antenna system losses (section 2.4.9). The total unwanted power that is radiated at frequencies 
below 1 MHz is at least 10*17 Watts (-140dBm). This should therefore not be a problem.
This can be compared to the receiver sensitivity previously defined as -107 dBm.
• RF microphony - The local oscillator can also couple with any high Q tuned circuits between 
the input and the mixer by radiation or conduction. This signal mixes with the original LO
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signal giving a dc voltage at the output of the mixer. Any knock or vibration of these inductors 
causes a change in resonance. This produces a “wobble” in the mixer output voltage which will 
reflect in the signal level into the ADC of the DSP detector. This would look like a carrier above 
the receiver noise floor and any vibration would cause phase and amplitude modulation of that 
signal. It is therefore important to have adequate screening and decoupling of the LO, and keep 
leads as short as possible. This RF microphony is less of a problem at the input stages of the 
satellite payload because the background noise in space is very high at the proposed sounder 
operating frequencies (see figure 2-3).
To minimise RF microphony in the mixer, high Q tuned circuits are therefore avoided.
• Linearity - Another problem is breakthrough of strong AM (amplitude modulation) signals if 
the second order intercept point of the mixer is not high enough. The mixer then becomes a 
broad band receiver for high powered AM signals which are rectified directly to baseband. The 
second order intercept point is in the region of 62 dBm in this proposed design due to the use of 
high level VLSI mixers that require only low ‘Q’ filters. This is comparable with previous 
sounder specifications (table 2-4).
Linearity is also important in the RF amplifier and the Low Pass Filter (LPF) sections of the 
receiver. The filter chosen is a clock-tunable monolithic 8^ order lowpass filter with linear 
passband phase. This filter exhibits a steeper roll off than an equivalent 8 ^  order Bessel filter 
and a total harmonic distortion of -70dB. The RF amplifier chain provides lOOdB of gain and 
potentially 200 dB of AGC, to ensure that the mixer is not overloaded. Also RF bandpass 
filters are used prior to amplification to minimise intermodulation and crossmodulation 
distortion.
Using DSP, and the fact that the receiver output has no direct audio interface (loudspeaker), there will 
be no problems with AF microphony, a serious problem associated with DC receivers.
In conclusion all these problems are overcome by screening, good mechanical stability, and careful 
design using VLSI circuitry.
6.4 The Topside Sounder Core Subsystem (SCS)
6.4.1 Core system description
Figure 6-3 shows the detector hardware and part of the DSP demodulator. This hardware comprises a 
direct conversion receiver section made up of a dual DDS and high level mixers configured as a 
traditional coherent (radar) detector with inphase and quadrature outputs here denoted by I and Q.
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Figure 6-3 Block diagram of the topside sounder core subsystem (SCS) comprising RF amplifier, a 
phase sensitive detector, dual DDS, transmitter driver and Micro controller.
These signals are fed via 20 kHz low pass filters (switched capacitor type) to the ADCs (Analogue to 
Digital Converters) sampling at 100 kHz and finally into the DSP unit for processing. The low pass 
filters are used to suppress aliasing and unwanted mixing products.
The returning distorted pulse envelopes will be detected using the traditional I-Q absolute signal 
detector followed by an optimum filter. Demodulating the signals into separate I and Q channels 
enables the novel signal processing algorithms, described in section 4.4.5, to be used.
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6.4.2 SCS component selection.
In designing the SCS as shown in figure 6-3 the selection of the Very Large Scale Integration (VLSI) 
components was based on section 6.1 (design philosophy) 6.2 (Sounder specifications) and 6.3.3 ( DC 
receivers).
The following VLSI components were selected :
• CAN microcontroller - Philips 82C592 - The 82C592 is a single-chip 8-bit high performance 
microcontroller that uses the 80C51 instruction set. It has built in RAM and an on-chip CAN- 
controller with various ADC inputs and pulse width modulation (PWM) outputs. The 
Controller Area Network (CAN) is a serial data communications bus for real-time applications 
and operates at data rates of up to 1 Megabits per second. It has excellent error detection 
capabilities.
• DDS /DAC - Analog devices AD7008 - The AD7008 direct digital synthesis chip is a 
numerically controlled oscillator employing a 32-bit phase accumulator, sine and cosine look-up 
tables and a 10-bit D/A converter integrated on a single CMOS chip. The DDS is capable of 
phase, frequency, and both in-phase and quadrature amplitude modulation. A clock rate of 50 
MHz has been selected. Frequency accuracy can be controlled to one part in 4 billion. The DDS 
is controlled by loading registers through the parallel microprocessor interface. A power-down 
mode is accessible through the microprocessor interface.
• High level mixers - Analog devices AD831. - The input, output and LO ports of the AD831 
double balanced mixer are all terminated with 500,. and are set for zero gain. At low 
frequencies the mixer requires a local oscillator (LO) of -20 dBm (0.01 mW) for satisfactory 
operation. The LO signal is supplied by the DDS. The maximum input to the mixer (and 
therefore output) is lOdBm (lOmW or 1 volt peak into 500).
• The filter that follows the mixer to eliminate aliasing is the Linear Technology LTC 1264-7 
switched capacitor 8^ order lowpass filter. This has a 3dB cutoff at 20 kHz and a 55 dB cutoff 
at 60 kHz when driven with a 1.5 MHz signal derived from the XTAL oscillator. It has a total 
harmonic distortion (THD) of -70 dB with an input of 10 dBm (lOmW or 1 volt peak into 500) 
when using a ±5 volt supply rail.
• Also selected for the RF amplifier/AGC strip were three GEC Plessey SL1612c RF amplifiers 
which potentially provides lOOdB of gain and 200 dB of AGC.
6.4.3 Receiver sensitivity and dynamic range
T h e  se n s it iv it y  o f  the re ce ive r ha s been sp e c if ie d  as l|uV  (-1 0 7  d B m )  in to  5 0 0  (se ctio n  6.2).
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In figure 6-4 the input to the DSP unit has been specified as zero to +10dBm (1 volt peak into 50Q) 
for a dynamic range of 48dB from the 8 bit ADC. This is fed from the output of the double balanced 
mixer via the LTC 1264-7 switched capacitor LPF. Therefore the input to the mixer also has to be a 
maximum of 10 dBm (lOmW or 1 volt peak into 50Q) to enable this full dynamic range. To account 
for I-Q channel splitting losses, a further 3dB has to be taken into account. The RF/AGC amplifier 
therefore requires a gain of 72 dB for a -107 dBm sensitivity (figure 6-4).
•107dBm input for 
lpV sensitivity
120dB of 
dynamic range
72 dB of gain 
(-107 to-135 dBm)
-38 to lOdBm for 
full dynamic range 
into each mixer
RF
Amplifier
and
AGC
-35dBm
Mixer
72 dB of AGC cut 
(120 dB - 48 dB)
0 * )
+ 10dBm for full 
dynamic range 
of the ADC
1 PF
LPF
*
8 bit ADC]
DSP 
— |8 bit ADC
48 dB dynamic 
ranse for each ADC
Figure 6-4 Receiver sensitivity and dynamic range
6.4.4. CAN controller and AGC Design
As the 8 bit ADC has a dynamic range of 48 dB, the AGC must be able to provide 72 dB of cut to 
ensure that the receiver has a dynamic range of 120 dB (figure 6-4).
A gain of 72 dB and AGC of 72 dB can be obtained using two SL1612C RF amplifiers, but three can 
be used to improve linearity.
The signal that is used to feed the AGC is derived from the output of the I and Q channel low pass 
filters. These signals are fed directly into two ADC inputs on the CAN controller. From these two 
signals the magnitude can be calculated in the controller. This information can be converted into a 
voltage that is fed out to the RF amplifier to control the AGC. This is achieved by converting the 
magnitude into a signal that is fed from the Pulse Width Modulation (PWM) output and filtered to 
obtain a voltage. The calibration of the AGC can either be accomplished by the use of a look up 
table, or algorithm. Either is possible and can be modified during flight as the AGC is under full 
control of the uploadable software.
The AGC signal is read after each frequency change and prior to transmitting the next pulse where a 1 
milli-second time slot is available, (section 4.5.2.3). At this time the signal level represents the
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cosmic noise level at the antennas of the spacecraft, and it is important that this be calibrated prior 
to launch so that absolute values of noise can be measured.
6.4.5. DSP failure.
If the DSP fails for some reason and the SCS is still fully functional, the magnitude measurement 
mentioned in 6.4.4. can be used to detect any received pulse and therefore allow the SCS to act as a 
fully functional TSM topside sounder. This option gives a further level of redundancy, or allows the 
DSP circuits to be closed down when power levels become a problem.
6.4.6. Transmitter drivers.
The driver amplifiers must be linear and capable of providing sufficient input to the power amplifiers 
for full output power with only 20 mW supplied from the DDS frequency source. They must be able 
to regulate the output from 1 to 200 watts from a voltage supplied by the CAN controller.
6.5 The transmitter subsystem (TS)
The transmitter subsystems consists of two amplifiers and low pass filters, to the following 
specification :
• The amplifiers must have a frequency range of 0.3 to 15 MHz and be capable of a full output power above 
1 MHz. Below 1 MHz the sounder operates in a low power mode to stimulate the plasma that surrounds 
the antennas.
• The class B amplifiers must be capable of providing 200 watts with a minimum of crossover distortion 
and an efficiency of 50% above 1MHz.
• The amplifiers must be capable of operating into a high VSWR.
• The amplifiers must be open and short circuit proof with thermal cut-out incase of antenna tuner, and or 
relay failure.
• The low pass filters should have a 3dB cut off at 30 MHz
An amplifier and LPF to these specifications should be able to be obtainable commercially.
6.6 The Antenna subsystem (AS)
An AATU “Q” of 50 is typically required from 1 to 2 MHz and 100 from 2 to 15 MHz (figure 2-10 ). 
Below 1 MHz the sounder operates as a “relaxation sounder” to stimulate the plasma with a lowered 
matching “Q”. This is due to bandwidth limitations of the AATU using a 5Ops pulse. Table 2-6
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shows some of the more critical calculations for the antenna matching and efficiency at the lower 
frequencies where the antenna is electrically short. For these calculations the transmitter has a 50Q 
output impedance with a 15 meters tip-to-tip antenna made of 13 mm Beryllium copper tube, 1.3mm 
thick.
The AS also contains a Voltage Standing Wave Ratio (VSWR) circuit to monitor the output and 
reflected power for AATU operation and fault monitoring. This circuit [Forrester 1991] is also used 
to monitor the phase of the output to enable antenna polarisation correction at the DDS.
The AATU is controlled with a CAN controller as in figure 6-1 and 6-2.
6.6.1 Antenna system Design Problems
From the calculations presented in sections 2.4 and 2.5 it has been shown that two 15m tip-to-tip 
antennas driven via an Antenna Tuning Unit (ATU) with peak pulse powers up to 200 watts are 
required. The following difficulties arise in the design of the ATU :
• Accuracy of Antenna impedance calculations in the transmission medium.
• Modification of impedance calculations due to the proximity of the satellite.
• Modification of impedance due to the bending of the antenna or imperfect deployment.
• Tolerance in all the calculations.
• Tolerance of ATU components.
• Stability of the whole system with temperature changes.
The answer may be that instead of a fixed matching unit an automatic ATU (AATU) could be used. 
In practice, most commercial units will have a “Q” lower than 100, generally about 20 to give 
adequate bandwidth. They also do not cover the entire range. A survey of such units indicate a 
power consumption of about 10 watts, which is a large part of the sounder power budget.
Other problems that will occur in the design of the automatic ATU are :
• Design of inductors to carry the peak voltages and that give adequate “Q” with minimum size.
• Reliability of Relay operation in :
• dielectric strength
• switching rate per hour
• mechanical life.
These factors are especially a problem at the low frequency end of the range.
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6.6.2. ATU Operation
With such a narrow bandwidth, along with tolerance and stability complications, a very large 
selection of switched inductors and capacitors would be required to cover the complete frequency 
range. This would result in a large current drain from the relays (even if latching relays were used), 
complexity in switch control, problems in available space, and in the speed of relay changes.
Another approach would be to set the maximum resolution of the sounder to one frequency change 
every 50 kHz, (sections 4.5.2.3 and 6.8.). The following calibration steps could then follow :
• Adjust the AATU for minimum VSWR (voltage standing wave ratio) as is the normal case. This
will probably result in an imperfect match producing too great a VSWR and therefore loss to the
system.
• Shift the transmit frequency slightly to obtain a better than 2:1 VSWR (loss of 0.5 dB max.)
• Place relay settings in control memory.
• Step on to the next frequency and repeat the process.
This would complete the calibration process. By monitoring the VSWR during operation a calibration 
reset could automatically take place if it fell outside the pre-arranged value of say 3:1.
6.6.3. Antenna Polarisation Control
The proposed satellite has crossed dipoles each tuned and fed with variable power amplifiers which 
can be phased to produce linear or circular polarisation on transmission and, or reception. The phase 
difference should be monitored at the output of the two antenna matching networks and the difference 
between the two DDS transmitter drivers phase adjusted to provide true circular polarisation.
In practice a polarisation phasing error of 30° introduces less than 1.25dB polarisation loss and so the 
polarisation adjustment is not critical. This circular antenna polarisation mode of operation is not only 
useful for determining the polarisation of the returning wave but will increase the link budget by 
anything up to 6dB.
6.7 Equipment Layout
It is suggested that the equipment be set out in the following manner :
• Tray A - Contains an SCS unit directly coupled to a DSP unit along with the spare receiver on one level 
(figure 6-1). This whole unit is duplicated with each being stacked one on top of the other and screened so 
that the DSP units may be connected with short leads. This will allow the systems to be multiplexed and the 
DSP units to operate together for more advanced imaging.
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• Trays B and C will contain the Antenna deployment mechanisms, one AS unit and one TS unit (see figures 
6-2a and 6-5).
There are two main problems to overcome.
• The standard aluminium trays have a wiring bus along one face to allow interconnections. This standard
system will not be possible as there are antennas to be deployed.
• The antennas will ‘shadow’ the solar panels. Special panels will be required to allow the deployment of 
the 13 mm diameter antennas.
Tray B and C will need to be stacked together at the base of the satellite. Tray A can be separated, so
it may be that the battery box could come between A and B.
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6.8 Control algorithm
Three algorithms are given in this section. Figures 6-6, 6-7 and 6-8. These define the control of the
payload for all modes of operation :
• Calibration - CAL
• Traditional Sounding Mode (TSM) - OP1
• Advanced Sounding Mode (ASM) - OP2
• Advanced Dispersion Method (ADM) - OP3
• Future requirements - OPx
These algorithms are a starting point and can be expanded and adapted, even after launch, as the 
payload systems are developed. These high level algorithms give a general idea of how the main 
control algorithm (figure 6-6), the AATU algorithm (6-7) and the DSP (6-8) works.
More details about DSP detection are given in section 4.4.5. where the full algorithm for the 
dispersion method (ADM) is given. This algorithm is also used in a shortened form for all the other 
specified modes. The requirements for these modes are given in figure 6-8 in the ‘detect and record’ 
box.
The AATU algorithm is mainly dedicated to calibration. If the calibration mode is not selected then 
the look up table is interrogated for the correct inductance and capacitance settings at the frequency of 
operation. It may be that experience will show that the settings will change with location, and 
therefore the algorithm can be adapted to indicate location as well as frequency. Several tables at 
each location will then be required.
The calibration algorithm looks for the setting that provides the minimum VSWR (voltage standing 
wave ratio). It then checks that this is below 2:1. If it is not, then it was suggested in section 6.6.2. 
that the transmit frequency is shifted by 1 kHz and the process repeated.
When resonances occur at a certain frequency the impedance of the antenna changes [Franklin and 
Maclean 1969]. It is therefore necessary to ensure that only values which are set for non-resonance 
settings are included in the table.
AATU look up table
A method of building the table is suggested :
Take many readings at sequential locations and provide a best fit curve. L,C values at resonance 
frequencies (detected by continuous returns within the first few milli-seconds of sounding ) could be 
rejected. From this curve an equation is developed for L,C values at different frequencies and 
locations. Therefore several orbits of calibration will be initially required. A starting point would 
be to load up values for free space operation.
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Start of frame
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End frequency : END-F
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T
MAIN CONTROL ALGORITHM 
Based in the main OBC (figure 6-1).
Abbreviations :
CAN : Controller Area Network.
DSP : Digital signal Processor
AATU : Automatic antenna tuning unit 
DDS : Direct digital Synthesiser
OPx : A set of operating variables that can
be selected for operating modes - TSM, AIM, 
ADM and others (as the parameters of the 
experiment change). This is used to initiate the 
DSP and frequency sweep control etc.
Figure 6-6 Control Algorithm
6-18
Chapter 6 : System  D esign
AATU ALGORITHM 
Based in the AATU CAN micro-controller (fig. 6-1) 
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Figure 6-8 DSP Algorithm
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6.9 Conclusions
We conclude from the design philosophy that reliability is the main criterion when designing a small 
satellite system. This was considered as being achievable by the use of : good design practice, 
manufacturing technique, the use of multiple redundant systems, the use of good quality components, 
and burn-in during testing.
Established VLSI components have been assessed for suitability in the design of the main sounder 
core subsystem (SCS). The SCS is at present being developed to the design specifications set out in 
this chapter. The test report [Lee 1997] is attached in Appendix C giving details of results obtained 
from testing the prototype.
Designs for all the control algorithms have been produced in this chapter and in chapter 4. These will 
be upgradeable from the ground because of the flexible system philosophy adopted.
If the sounder specification and system design of this chapter is followed, and the payload launched, 
this system is expected to provide a ground re-configurable sounding laboratory in space. It will 
provide not only ionograms and critical frequency maps on a global scale, but also allow the scientific 
community to explore the space weather and ionospheric plasma in detail, for years to come.
6-21
Chapter 6 : System  D e sign
6.10 References
[Asenek 1996]
[Franklin and Maclean 1969] 
[Forrester 1991]
[Haines 1994]
[Lee 1997]
[Mathwich 1981]
[RSGB 1982]
Asenek, V., Reliability prediction and improvement of electronic 
systems onboard modern low cost microsatellites.
Amsat colloquium, University of Surrey, July 1996.
Franklin, C.A., and M.A.Maclean, The design of swept frequency 
topside sounders, Proc. of the IEEE, Vol. 57, No 6, June 1969
Forrester, T.D., A 1.8 MHz auto timing vertical antenna,
Radio communication, 1986
Haines, D.M., A portable digital ionosonde using coherent spread- 
spectrum waveforms for remote sensing of the ionosphere. Ph.D. 
Thesis, University of Massachusetts Lowell, 1994.
Lee, T.B., Microsatellite Topside Sounder Core Subsystem.
M.Sc. Thesis, University of Surrey, August 1997.
Mathwich, H.R., D.E.Aubert, A.F.Martz, K.Bibl, B.Reinisch,
D.Lewis, An advanced mission to map the worldwide topside
ionosphere,
Effects of the Ionosphere on radiowave systems symposium, 1981.
Radio communication handbook, page 4.3,
Published by the Radio Society of Great Britain,
ISBN 0 900612 58 4, Fifth Edition, 1982
6-22
Chapter 7 : Conc lu sion s and Future W o rk
Chapter 7 
C o n c l u s i o n s  a n d  F u t u r e  W o r k
7.1 Review of Objectives and Observations...............................7-2
7.2 Conclusions..........................................................................................7-3
7.3 Suggested future work.................................................................7-9
7.4 Concluding remarks.....................................................................7-13
In this final chapter there is an initial statement giving the primary result of this research.
Following on from this is a review of the objectives and a condensed list of observations developed in 
this thesis.
Conclusions are drawn about the use of cost effective satellites for topside sounding and their 
processing capabilities. Also discussed are the limitations to the proposed system, and the impact 
that the new dispersion method will have on this field of science.
Suggested future work is grouped together into three main areas of research and development. This 
covers hardware, software and possible future ionospheric investigation that can be carried out prior 
to launch.
In the final section a brief list of conclusions are made based on the work carried out in this 
investigation.
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C o n c l u s i o n s  a n d  F u t u r e  W o r k
The primary result of this research is a novel ionospheric measurement technique called the 
'Dispersion Method'. This technique is based upon the coherent detection of a 'tripulse' envelope in 
the quadrature channel of a phase sensitive receiver. The amplitude of the tripulse provides a 
measure of dispersion, which is used to detect the cusp of the ionogram and thus track the critical 
frequency. This direct measurement technique is capable of measuring critical frequency an order 
faster than previous missions with the minimum of on board processing. This overcomes the 
problems highlighted in this research of multiple ground stations and the very high cost of manual 
processing used in all the previous topside sounding missions. It has been shown that this new 
technique could be implemented on a single microsatellite that could autonomously process and map 
the critical frequency and download it to any one single ground station.
7.1 Review of Objectives and Observations
The objective of this research was to study the effect on pulses reflected from the topside ionosphere 
and develop an advanced autonomous topside sounder that can operate on a cost effective 
microsatellite. In relation to this and associated objectives the following main conclusions can now 
be made :
• That past topside sounders had masses of at least three times that of the proposed microsatellite.
• They had limited memory capacity and required substantial ground support in terms of manual control 
and processing.
• The main limitation of a satellite using traditional sounding methods (TSM) is data transfer.
•  A  microsatellite weighing less than 50 kg is capable of supporting a topside sounder mission and 
providing continuous operation to a single ground station using onboard data processing.
• The power drain on the satellite can be improved in several ways. Firstly by matching the antenna to the 
transmitter, then by matching the antenna to the ionosphere, also by reducing the satellites altitude, and 
using modern radar techniques.
• The Sounder coverage can be improved by compressing data on board the satellite and pre-processing 
data into critical frequency maps.
• A  study of previous ISIS 2 topside sounding data recently released supports the conclusion that a lower 
power satellite sounder can obtain good results.
• The detection of spread echoes, and the direct measurement of plasma resonances give useful additional 
information for processing topside ionograms into electron density profiles.
• By measuring the dispersion of pulses reflected from the ionosphere a new method of finding the critical 
frequency has been implemented. This is an order faster than any previous method, and provides a 
simpler means of processing data due to the direct measurement technique.
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• By changing the pulse length and frequency step at the cusp of the ionogram the extreme reflection at the 
highest possible frequency may be obtained and the frequency resolution therefore improved.
• This advanced ‘Dispersion Method’ (ADM) is limited to a specular ionosphere and with limited 
scattering from off vertical returns. Real topside data indicates that the limitation due to scattering is not 
a problem and that the method is expected to work over 70% of the globe.
• Quadrature ‘Tri-pulse’ envelopes have been found in ground based sounding data and indicates that the 
‘Dispersion method’ simulation results are correct.
• Using VLSI components, multiple redundancy and good design practice a payload has been developed 
for a microsatellite that will provide a ground re-configurable laboratory in space for ionospheric 
research.
7.2. Conclusions
From the summary of observations made in section 7.1, four conclusions have been developed.
• The use of cost effective satellites in topside sounding.
• The processing capability of the small satellite.
• The limitations of the proposed payload.
• Verification of the dispersion method.
7.2.1. A cost effective satellite sounder
This research is based on the philosophies adopted at UoSAT of “affordable access to space” and the 
use of flexible, ground configurable hardware and upgradeable software .
In the past swept frequency topside sounders required transmitter powers in excess of 400 watts with 
large antennas up to 73 metres long. The satellites had a mass of between 141 and 264 kg and 
required expensive launch vehicles to attain orbit. This research has shown that it is not only 
possible but advantageous to use lower power and shorter self deploying antennas in the design of a 
third generation, 50 kg microsatellite topside sounder.
The enhanced processing capabilities that that have been developed in this research will provide a 
flexible sounding laboratory in space for instant global research and foF2 mapping. This sounding 
facility is required to improve our understanding of the changing ionospheric space weather 
conditions, and plasma science. This will lead to a more efficient use of the radio bands, but more 
especially the High Frequency bands.
There are seven main advantages to the proposed UoSAT topside sounder over past high power, high 
altitude types.
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7.2.1.1. Lower cost.
This research has gone a long way to proving that an enhanced sounder will not only work well on a 
50 kg microsateilite, but is desirable in terms of cost. Two obvious advantages to this proposed 
system is in the use of a lower cost satellite and launcher. The smaller microsateilite may be 
launched into low Earth orbit using cheaper launch vehicles than conventional sounder satellites. 
Also the sounder could be considered a secondary guest payload on a larger satellite, and thus more 
likely to be launched.
The main advantage though, and a less obvious one than the satellite and its associated launch costs, 
is that the proposed satellite payload developed here in this thesis is relatively autonomous and 
requires very little ground station support. Previous sounder missions such as Alouette and ISIS 
required over 25 ground stations to control and manually process data.
7.2.1.2. Improved data transfer
Third generation sounders such as the one described in this research will have on board processing, a 
large memory capacity, and a wide band down link for improved data transfer. The bottleneck in data 
handling was found to be limited by the micro satellite UHF and S band down link capability and not 
the onboard memory. It has been shown in this research that it is possible to improve on past 
sounder sampling rates and still use only one ground station for the transfer of all data.
If the satellite is in the Traditional Sounding Mode (TSM) and sounding continuously and data is 
transferred to the ground for processing into ionograms, a single ground station is required. This is 
achieved by Zip compressing the digitised output from the receiver and using an S-band down link. 
If the Advanced Dispersion Method (ADM) is used and both the Inphase and Quadrature data is 
required then a single station can be used if the sounding rate is halved. This is still double the 
sampling rate of most previous missions. Similarly two channels are required for the Advanced 
Ionogram Mode (AIM). In this case two receivers are used and the magnitude data is transferred.
It should be possible in AIM to reduce the data load by at least a tenth if software algorithms are 
uploaded to the satellite to process the data into electron density profiles prior to transmission.
It has been shown that using the ADM method it is possible to provide critical frequency maps 
sampled at least an order higher than any previous mission. Thirty days of data can be down loaded 
from the satellite in one pass using a typical UHF down link. Of course the same maps could be 
produced from processed electron density profiles in AIM mode on the satellite, but these would not 
have the same high sampling rate.
Therefore any one method could be adopted for a continuous sounding experiment, or several could 
be selected as experimental requirements change.
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7.2.1.3. Lower orbit.
The proposed 800 km low Earth orbit is the lowest circular orbit ever selected. This has been chosen 
primarily because at high altitudes ducting and oblique propagation takes place which causes 
problems with ionogram interpretation. A secondary advantage of the low orbit is that the sounder 
link budget requirements are reduced considerably.
7.2.1.4. Lower radiated interference
It has been reported that high power RF pulses on previous topside sounders have caused large-scale 
modification to the surrounding plasma during and after sounding. This can interfere with the 
receiver at fundamental and harmonically related resonance frequencies which has the effect of 
impairing frequency measurement, and also interferes with other on board systems. Also by 
observing the ‘sidebands’ produced on some ISIS 2 ionograms it can be concluded that lower power 
working is in fact desirable for producing cleaner ionograms, with less power dependant artifacts. 
Previous sounders used between 100 and 400 watts. It has been observed that the ISIS 2 satellite 
produced reasonable ionograms even when the antennas were in the ‘cartwheel mode’ of operation. 
From this we predict that lower power working could be possible if the satellite attitude is stabilised.
It has been calculated that by placing the satellite in an 800 km orbit and using improved techniques 
to reduce the sounder receiver S/N and bandwidth, it is possible to provide an overall gain of at least 
24 dB to the link budget. It has been shown that a maximum of 10 watts peak power is required in 
the TSM and AIM sounding modes. At this level of power there will be less of an effect on the 
surrounding satellite plasma. In the ADM mode high power is only required in the frequency range 
above the fundamental resonances, and the warming of the ionospheric plasma should be minimised. 
It is also recognised that a lower power topside sounder will cause less interference to the terrestrial 
high frequency (HF) band which is already noisy and over crowded. In the ADM mode where high 
power is required the transmission is only swept as high as the critical frequency. Therefore the 
ionosphere shields the ground from most of the sounder generated noise.
7.2.1.5. Smaller antennas
Very short dipoles that are less than a tenth of a wavelength long means that antenna side lobes are 
suppressed. This has the effect of minimising the signals from an oblique incident path and 
providing only the desired near vertical path reflections.
The antennas on all topside sounders to date have comprised of two dipoles, one for the low 
frequencies and a crossover network to feed the other for the high frequencies. In this research we 
have proposed two identical dipoles fed in such a way that they are capable of receiving and 
transmitting both linear and circular polarised waves. This has the effect of improving antenna -
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ionosphere interaction and thus using less power, but also to enable the tagging of left hand and right 
hand circularly polarised waves that are detected. These are denoted ordinary ‘O’ and extraordinary 
‘X’ waves, and are produced in the ionosphere by the effect of Faraday rotation on the original 
reflected pulse.
Because short antennas have been selected, an automatic antenna tuning unit (AATU) is proposed to 
improve the antenna-transmitter matching efficiency.
7.2.1.6. A ccessibility
One consideration for this project is that the results should be directly accessible to anyone from the 
satellite with the minimum of equipment.
It should also be possible, with the proposed system design, for the scientific community to adapt the 
experiments whilst the satellite is in orbit. This is possible due to the flexibility of the software 
controlled payload, and the UoSAT capability of up-loadable software. Thus providing a re- 
configurable ionospheric research laboratory in space.
7.2.1.7. System component selection
Reliability is the main criterion when designing a small satellite system. This can be achieved using 
good design practice, manufacturing technique, the use of multiple redundant and reprogrammable 
systems, the use of good quality components, and burn-in during testing.
Using established VLSI components the design of the main sounder core subsystem (SCS) has been 
completed. If the proposed system design is implemented along with the process and control 
algorithms then a ground re-configurable sounding laboratory in space will provide the scientific 
community with the ability to explore the space weather and ionospheric plasma in detail, for years 
to come.
7.2.2. The processing capability of the small satellite sounder
All previous topside sounders relied on transferring raw data to the ground for manual processing at 
the ground stations. The proposed third generation topside sounder has several innovations that 
enhance the on board processing. Some of these are adapted from the latest ground based sounders 
where mass and power restrictions are not a problem. One such innovation to topside sounding is the 
tagging of the detected ordinary and extraordinary waves that are reflected from the ionosphere. 
However the advanced ‘Dispersion Method’ (ADM) used for tracking the critical frequency cusp is a 
new and novel innovation specifically suited to topside sounding.
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7.2.2.L The advanced ‘Dispersion Method’ (ADM)
The ‘Dispersion method’ has several advantages over the traditional sweep frequency sounding 
method (TSM).
Firstly, the reduction of processing costs is significant. This method of detecting critical frequency 
relies not on the interpretation of ionograms, but 011 the processing of single pulses reflected from the 
ionosphere to the satellite. For topside sounding this is significant as it is the first time that a direct 
measurement technique using pulse dispersion has been suggested. In fact it is the first time for both 
top and bottom side sounding. This enhancement requires less complex computing power than that 
required to interpret the ionogram and is inherently more reliable. This will increase the speed of 
developing critical frequency maps, and reduce the satellites memory requirements.
Secondly it is at least an order faster and more accurate than any other topside sounder mission to 
date. This is critical as the sounder moves at 8 km/second and it is necessary to have a high sampling 
rate if latitudinal spatial accuracy is to be maintained. The fastest method for measuring the critical 
frequency from the topside using traditional methods has been 14 seconds for ISIS-2, but more 
generally 32 seconds. Using ADM this can be achieved in one second.
Another important feature of this method is accurate frequency resolution. The use of adaptive pulse 
length in the final sounding will ensure that the last possible return can be detected. This is because 
longer pulses are less dispersed and also contain more power than the 50 ps optimum used for the 
dispersion measurement. Also by decreasing the frequency step at the very last point of sounding 
when longer pulses are employed, the frequency resolution could be improved even further. Longer 
pulses mean narrower bandwidths, and therefore at the final stage of sounding the signal to noise can 
be improved by the adaptive filtering that is proposed.
It is beneficial to be able to separate the reflected O and X wave traces by detecting the wave 
polarisation for simpler data processing with improved accuracy. This can be achieved using crossed 
dipole antennas.
7.2.2.2. The advanced ionogram mode (AIM)
Several well established computer programs have been written for converting ground based 
ionograms into electron density profiles. Among these is ‘ARTIST’ developed for the digisonde 256 
sounder. The purpose of the sounder in AIM mode is to generate the raw data required for 
developing these algorithms for use 011 the topside ionosphere.
Again the tagging of the reflected O and X wave traces is required for improved processing.
Also the detection of resonances gives additional predictions of for example the frequency at which 
the ‘O’ wave escapes the surrounding plasma and starts radiating from the sounder antennas.
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Another calculation is from the gyro resonance, which can estimate the difference between foF2 and 
fxF2, which is also important when direct observations of the critical frequencies are obscured by 
noise at the cusp.
These resonance frequencies can be directly measured on the spacecraft by noting abrupt changes in 
the transmitter VSWR caused by antenna impedance modification by the surrounding plasma.
7.2.3. The limitations of the proposed payload
The novel ‘Dispersion method’ incorporates a new DSP techniques that enable the simple coherent 
receiver to remain phase corrected even though the sounding platform is moving and receives 
scattered pulse returns. This is achieved by using an algorithm especially developed for this receiver, 
known as the ‘Rotation algorithm’. The simulations of near vertical scattering indicate that this 
method of dispersion measurement is accurate for a cone of 50 km base radius, with a signal to noise 
ratio of 20dB in a 20kHz bandwidth. Therefore scattering due to a rough ionosphere which produces 
spread echoes will render this method unusable. This criteria also applies to the processing of 
ionograms into electron density profiles, where manual interpretation is often required. But when 
either of these cases is detected the proposed payload can be automatically switched back to TSM at 
the cost of slower data collection.
The phase corrected Quadrature channel produces tripulse envelopes which change in amplitude with 
respect to dispersion. The detection of spread echoes, due to ionospheric disturbances, can probably 
be determined by the irregularity of these detected tripulses. This will enable the sounder to 
determine the reliability of the measurement and discern over which regions of the topside 
ionosphere direct measurements can be relied upon to determine critical frequency.
As a signal to noise ratio of 20dB in a 20kHz bandwidth is required for correct operation in the ADM 
mode a significant level of power is required. This signal to noise level is 17dB (x50) above the 
TSM mode. The generation of enough radio frequency power is limited by the satellites DC power 
budget, and the very high voltages generated in the antenna matching unit. Research has shown that 
enough DC power is available, and that the antenna matching problem can be resolved.
An investigation into spread echoes (spread-F) suggests that this method should work over about 
70% of the globe.
It has been mentioned in section 7.2.1.2. that for continuous coverage the down link bandwidth is the 
limiting factor for raw data transfer when one ground station operation is required.
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7.2.4. Verification of the dispersion method
The verification of the ‘dispersion method’ is dependent on measuring the scattering effect of the 
topside ionosphere, and observing ‘tripulses’ in real data sets.
Theoretical calculations for the expected scattering effect of a perfectly smooth (specular) ionosphere 
in the terms of scattering radius have been compared with real digital topside data. The theoretical 
results indicate that a scattering radius of between 5 and 25 km would be expected at a satellite in an 
800 km orbit from a perfectly smooth fully illuminated ionosphere. Real results from the most 
specular ionosphere indicates a peak value of 8 km at an 800 km orbit, with a spreading of up to 24 
km. Where the ionosphere is not perfectly specular but slightly rough, it has been seen that the 
returning reflected pulses may still be within the processing parameters, provided that the spreading 
of the ionogram trace, is not extreme.
The bottomside ionograms used in this research showed a large degree of spreading. This imperfect 
data from a non specular ionosphere was used to verify the ‘Dispersion Method’. When symmetrical 
absolute pulse envelopes were selected from the data sets, ‘tripulses’ with amplitudes varying with 
dispersion were observed in the phase corrected quadrature channel. This limited set of results tends 
to support the ‘Dispersion Method’ simulations.
In fact the results from this chapter indicate that the ‘Dispersion Method’ may work on a worse case 
ionosphere than was first predicted. This can be observed from two separate sources. First from the 
topside scattering data, where even a slightly spread trace fell within the scattering limits and 
secondly from the ground based data which was very spread and still produced ‘tripulses’.
From this it is concluded that the Dispersion Method will work within the scattering parameters set in 
the simulation results of section 4.4.4, and also possibly from an ionosphere that has a limited spread 
to its ionogram traces.
7.3. Suggested future work.
There are several areas of research that could require further investigation prior to launching the 
topside sounder;
• Antenna matching.
• Transmitter amplifier design.
• Receiver and Transmitter filtering.
• Implementation of Algorithms :
• Control software implementation.
• Signal processing software implementation.
• Development of raw data compression techniques.
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• Development of topside ionogram / electron density profiling software.
• Develop critical frequency / spread echo mapping software.
• Detection of ‘tripulses’ in ground based sounders to :
• Further verify the Dispersion method.
• Improve the processing technique.
• Investigate the possibility of detecting spread echoes.
• Develop the use of the ‘dispersion method’ on a ground based sounder.
• Investigate the topside ionosphere using the newly available ISIS digital ionograms.
These points can be grouped together into three main areas of research :
• Hardware investigation and development.
• Software development.
• Ionospheric investigation.
7.3.1. Hardware investigation and development.
There are three main areas of hardware development that require further investigation, these are the 
antenna matching and phasing, the transmitter amplifier, and filtering to improve the receiver design 
and to stop interference between on-board systems.
7.3.1.1. Antenna Hardware
It has been shown in section 2 that two 15m tip-to-tip antennas each driven with peak pulse powers 
of up to 200 watts via an AATU are required to implement the sounder link budget in the ADM 
mode.
Compact commercial AATU designs for marine, amateur and military have a “Q” of about 20 to 
provide an adequate bandwidth with a minimum of components. They also do not cover the low 
frequency range between 1 and 2 MHz. Also a survey of such units indicate a power consumption of 
about 10 watts, which is a large part of the sounder power budget.
The following problems occur at the low frequency end of the range in the design of a tailored, high 
CQ’ AATU :
• Accuracy of Antenna impedance calculations in the transmission medium.
• Modification of impedance calculations due to the proximity of the satellite.
• Modification of impedance due to the bending of the antenna or imperfect deployment.
• Tolerance in all the calculations.
• Tolerance of AATU components.
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• Stability of the whole system with temperature changes.
• Design of inductors to carry the peak voltages and that give adequate “Q” with minimum size.
• Reliability of Relay operation in :
• dielectric strength
• switching rate per hour
• mechanical life.
These factors all require further investigation, and a suitable digital AATU design needs to be 
implemented. A final test in a plasma chamber would be useful.
7.3.1.2. Phasing control.
As the two transmitters and AATU components will not be perfectly matched for phase it may be 
necessary to measure the error at the AATU / Antenna interface and shift the phase of the two DDS 
units to correct for phase errors in both the transmitter and receiver.
This technique may also be required to improve the antenna / ionosphere matching.
7.3.1.3. Transmitter amplifier.
There are three characteristics of the transmitter and driver design that may be outside the existing 
range of commercially available units :
• frequency range - most amplifiers do not operate between 1 and 2 MHz.
• efficiency - essential for the sounder power budget.
• power control - it is essential that both transmitter power levels are controlled, and that when both are 
operated simultaneously they emit the same power to ensure correct circular polarisation control of the 
antenna system.
7.3.1.4. Interference suppression.
To improve intermodulation in the receiver, switched bandpass filters need to be developed to the 
specification in section 6.2.
It may be necessary to investigate the effect of high power sounder emissions on all the microsatellite 
sub-systems. The transmitter will require a low pass filter with a 20 MHz cut-off to reduce unwanted 
harmonics. Also notch filters in the microsatellite up-link will need to be developed to eliminate 
interference. Likewise the sounder receiver may need notch filters to eliminate spurious emissions 
from other sources such as down-link signals and computer noise.
Shielding and power supply de-coupling will also require attention.
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7.3.2. Software development.
There are three main areas of software development that need investigation, these include the 
implementation of control and detection algorithms, improved data compression techniques, 
information processing and final data display.
7.3.2.1. Implementation of control and detection algorithms.
The control algorithms based in the CAN microcontrollers and on board computer (OBC) need to be 
implemented, along with the DSP detection algorithms, (see sections 4.4.5. and 6.8.)
7.3.2.2. Data compression techniques.
It was noted in section 2.7. that the bottleneck to continuous operation is the transfer of raw data to 
the ground station. Calculations were based on Zip compression of the raw data. It could be worth 
investigating different compression techniques to optimise data transfer.
7.3.2.3. Information processing and display.
Existing software is available for converting ionograms from ground based sounders into electron 
density profiles (see section 7.2.2.2.). Some research has been undertaken by Reinisch and Xueqin to 
develop similar algorithms for topside sounders, (see section 1.4.2.4.) It is worth noting that similar 
software was used in the recent paper by R. Benson (see section on second generation sounders in
1.4.2.3.) There is still a requirement for further development of the software for use with this
proposed sounder.
Software will also need to be developed for displaying critical frequency and spread echo contour 
maps of the earth, (see section 1.3.3. and 3.3.5.)
7.3.3. Ionospheric investigation.
There are two areas of research which could be investigated further. Firstly further development of 
the ‘Dispersion method’ for topside and ground based sounding, and secondly, further investigation 
of the topside ionosphere using the newly available ISIS digitised ionograms.
7.3.3.1. Further development of the dispersion Method’.
A very limited study in section 5.3 of ground based data from a digital ionosonde indicates that real 
‘tripulses’ can be found in such data sets. It would be worth collecting samples of specular and 
spread-F types of digital ionogram data from several ground based sounders to investigate this 
method further. The shape of the tripulse may also be a direct indication of ionospheric spreading 
and could be used to indicate the accuracy of the dispersion measurement. Also it may be possible to
7-12
Chapter 7 : Conclu sions and Future W o rk
use it to produce spread echo maps in the case of topside sounders. Further investigation of real 
tripulse shapes may improve the dispersion detection method in a spread ionosphere.
This work could lead to an improvement in autonomous measurement techniques on ground based 
sounders. This would only require a modification to existing sounder software to implement the 
‘Dispersion method5 on the world wide network of digital ionosondes.
7.3.3.2. Investigation of the topside ionosphere
The ionograms (see section on second generation sounders in 1.4.2.3.) used in this research have 
recently become available via the internet. On completion of the NASA digitisation project, 
ionograms of global coverage for a Sun spot cycle will become available. This data lends itself to an 
independent research project on the topside ionosphere.
7.4. Concluding remarks.
In brief, we conclude that if a microsateilite topside sounder were to be developed and flown to the 
design specification in this thesis, the impact to world science would be as follows :
• Global critical frequency maps that would be available anywhere in the world with easily
available cheap equipment, and with instantaneous display.
• The data sampling rate and accuracy would be at least an order higher than any previous topside 
sounder making it very suitable as a means of improving the operational performance of 
expensive ground based over the horizon (OTH) radar systems.
• The measurement of spread echoes would provide daily, direct information on the scintillation 
effect to global Earth-satellite high frequency communications. This would be very useful 
information for link budget planning in constellations of low Earth orbit communication 
satellites.
® The cost of the project would be several orders cheaper than any previous mission of similar 
concept. Or at least an order cheaper for a limited scientific mission like the Japanese ISS or 
Russian IK 19 / Cosmos 1809 missions. This is due to the reduced launch costs of a 
microsateilite and the autonomous nature of the data collection and processing.
• The equipment itself would serve as a ground re-configurable sounder laboratory in space for as
yet unspecified research into topside image processing, or missile detection.
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A b b r e v i a t i o n s
AATU Automatic Antenna Tuner
A/D Analogue to Digital converter
ADC Analogue to Digital converter
ADM Advanced Dispersion Method
Ae Area of illuminated ionosphere
Ag Antenna efficiency
AF Audio Frequency
Aq  Antenna gain
Age Automatic gain control
AIM Advanced Ionogram Mode
AIS Advanced Ionospheric Sounder
AM Amplitude Modulation
AS Antenna Subsystem
A j Flat plate area
B Bandwidth
Bp 3 dB Pulse bandwidth
BW Bandwidth
c speed of light (3e8 metres/sec)
C capacitance
CAL calibration (operating mode)
CAN Controller Area Network
CCIR The International Radio Consultative Committee
CRT Cathode Ray Tube
D Directivity
D Distance
D/A Digital to Analogue Converter
DAC Digital to Analogue Converter
dB decibel
dBi decibels with respect to isotropic
dBm decibels with respect to 1 mW
dBW decibel Watts
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DC Direct Current
DC Direct Conversion (receiver)
DDS Direct Digital Synthesiser
DSP Digital Signal Processing
f frequency
F frequency
FAS Frequency Agile Sounder
fc critical frequency
fjq electron gyrofrequency
ffsj electron plasma frequency
fo O wave cut-off frequency
foF2 O wave critical frequency of the F2 ionospheric layer
FSL Free Space Loss
f j  Upper hybrid frequency
FTP File Transfer Protocol
fx X wave cut-off frequency
fxF2 X wave critical frequency of the F2 ionospheric layer
fz Z wave cut-off frequency
G system gain or loss
GPS Global Positioning System
h1 group height
HF High Frequency
HFSS High Frequency Sounding System
I inphase
IEE Institution of Electrical Engineers
IEEE Institute of Electrical and Electronic Engineers
IF Intermediate Frequency
IIR Infinite Impulse Response (Recursive filter)
IK Inter Kosrnos
1SEE International Sun-Earth Explorer
ISIS International Satellites for Ionospheric Studies
ISS Ionospheric Sounding Satellite
IZMIRAN Institute of Terrestrial Magnetism, Ionosphere and Radiowave Propagation, 
k Boltzmanns constant
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kg kilogram
kHz kilo Hertz
km kilometre
L Vi dipole (Antenna) length
L inductance
La  Antenna losses
LEO Low Earth Orbit
LO Local Oscillator
Lp Propagation losses
LPF Low Pass Filter
LT Local Time
m Earth’s gravitational mass (398600 km3/sec2)
m metre
Mag Magnitude
MHz Mega Hertz
MUF Maximum Usable Frequency
n number of steps
NASA National Aeronautics and Space Administration
NASDA National Space Development Agency (of Japan)
NeZ Electron density profile
Nmax Maximum electron density
NSSDC National Space Science Data Centre
O ‘ordinary’ wave
OBC On Board Computer
Op Orbital time period
OPx Operating mode - ADM, AIM, CAL, TSM etc
OTH Over The Horizon (Radar)
PA Power Amplifier
PC Personal Computer
PjN Transmitter power in watts
PLOSS Power lost in matching unit
P]sj Noise Power
Pr Received power
PRF Pulse Repetition Frequency
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P t
PWM
Q
Q
R
R
RAM
Rcoil
RCS
RF
Rl
R o
rpm
Rr
Rs
R s
Rt x
s
s
SAR
SCS
sec
S/N
SSTL
SWR
SYS
T
Td
THD
TP
TS
TSM
UFTF
UoSAT
Transmitter power
Pulse Width Modulation
Quadrature
Quality factor
slant range
Radius
Random Access Memory 
Coil losses 
Radar cross section 
Radio Frequency 
Antenna loss resistance 
Antenna ohmic resistance 
Revolutions per minute 
Antenna Radiation Resistance 
Scattering radius 
Skin resistance 
Transmitter impedance 
sampling rate 
second
Synthetic Aperture Radar 
Sounder Core Subsystem 
second
Signal to Noise ratio
Surrey Satellite Technology Limited
Standing Wave Ratio
System
Temperature
Time delay
Total Harmonic Distortion 
Pulse width in seconds 
Transmitter Subsystem 
Traditional Sounding Mode 
Ultra High Frequency 
University of Surrey Satellites
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URSI International Union of Radio Science
UT Universal Time
V Velocity
V Volt
VHF Very Lligh Frequency
VLSI Very Large Scale Integration
VSWR Voltage Standing Wave Ratio
X ‘extraordinary5 wave
X c Antenna capacitive reactance
Xc(match) Matching unit capacitive reactance
x d Ionospheric slope in metres/Hz
XL(match) Matching unit inductive reactance
Z Z wave (slow branch of X wave)
z L Line impedance
Z o Load impedance
phase
1C Dispersive slope in km per MHz
A wavelength
P micro (le-6)
P permeability in a vacuum (47te-7)
7C 3.141592
cr conductivity (of antenna material)
total scattering area
o° scattering per unit area
T group delay
CD radian frequency (2nf)
r reflection coefficient
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A Low-Cost Microsatellite Ionosphere Topside Sounder 
D.J.Palmer, M.N.Sweeting.
Joint URSI UK 12^ National Radio Science Colloquium and QMW 1995 Antenna Symposium 
At the Queen Mary and Westfield College, UK. On 11-13^ July 1995
A Microsatellite Topside Sounder 
D.J.Palmer, M.N.Sweeting.
AMSAT Colloquium
At the University of Surrey in July 1995.
Ionospheric Sounding on a Microsatellite 
D.J.Palmer, M.N.Sweeting.
IJSSE - International Journal of Small Satellite Engineering. ISSN 1360-7014 
December 1995.
An HF Topside Sounder Using a Low-Cost Microsatellite to Provide Autonomous Data 
Collection and On-Board Processing for foF2 Ionosphere Mapping 
D.J.Palmer, M.N.Sweeting.
URSI xxvi General Assembly
At Lille, France on August 28^ to September 5 ^  1996.
A Small Satellite Ionospheric Sounder
D.J.Palmer, M.J.Underhill, S.Hodgart, M.N.Sweeting.
Eleventh Annual AIAA/USU Conference on Small Satellites 
At Utah, USA on 17th September 1997.
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R e s u l t s  o f  P a y l o a d  T e s t i n g
C h a p t e r  6  -  T e s t i n g  a n d  R e s u l t s +
In this chapter, we discuss the performance of the hardware and software developed for 
the SCS (sounding core subsystem). The hardware design specification is compared to 
the actual results obtained whilst testing the various system components. Figure 6.1 
below shows the sensitivity and the dynamic range of the receiver system.
•107dBm input for 
lpV sensitivity
120dB of 
dynamic range
72 dB of gain 
(-107 to -135 dBm)
-38 to lOdBm for 
full dynamic range 
into each mixer
RF
Amplifier
and
AGC
-35dBm
72 dB of AGC cut 
(120 dB - 48 dB)
Mixer
LPF
+ 10dBm for full 
dynamic range 
of the ADC
1 LPF
8 bit ADC
48 dB dynamic 
range for each ADC
Figure 6.1 : Dynamic range of Sounder Core Subsystem
As we have mentioned, the sensitivity of the receiver is around 1 piV which is -107 dBm 
into a 50 Q load. After a series of cascaded amplifiers which provide a combined gain 
of 100 dB, the received signal level increases to -7dBm. However the input to the ADC 
of the DSP unit must be +10 dBm for a full dynamic range of 48dB. Only 72 dB gain 
from the three SL1612C amplifiers is required as 3 dB has to be allowed for the splitting 
of the received signal to the mixers. By controlling the AGC voltage to the cascaded 
amplifier, the total gain can be adjusted to the desired value. Therefore, the AD831 high 
level mixer has a range of -38 to +10 dBm, for the receiver to have a dynamic range of 
120 dB.
t Reproduced from M.Sc. Thesis by T. B. Lee (See section 6.9 for reference)
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In this test design a 14.7456 MHz clock frequency is used for the 87C592 CAN 
microcontroller and is also used for the DDS. So, the maximum output frequency of the 
DDS is only 7.37 MHz. Although a swept frequency technique is used in the subsystem, 
it is easier to test on a fixed frequency. Therefore, a testing frequency of 5MHz is used.
6.1 A m p lifie r  testing
Figure 6.2 shows the component layout for the triple RSI612c Amplifier unit. The first 
two stages of the cascaded amplifiers were shielded in order to reduce RF Interference 
(RFI) due to the high gain generated by the amplifiers. This interference may cause 
harmonic generation and self oscillation. Pin 4 of the first stage (input earth) and pin 8 
of the second stage (output earth) were tied together to provide a common earth point. 
Earth impedance loops were avoided to prevent instability.
6.1.1 A mplifier gain 
Using a signal generator and a spectrum analyser, the triple RSI612c amplifier unit was 
tested. A 5 V DC supply and an input signal of -90 dBm from a signal generator was 
connected to the amplifier unit. A -7.67 dBm output signal at 5MHz was observed, (see 
figure 6.3) A gain of 82.33 dB was therefore provided by the cascaded amplifier.
Figure 6.2 : RF Amplifier RSI612c unit
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M K R
Figure 6.3a : Amplifier 
Output Waveform at 5 MHz
Figure 6.3b : Amplifier 
Output Waveform with 2nd 
order harmonic at 10 MHz
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Figure 6.3c : Amplifier 
Output Waveform with 3rd 
order harmonic at 15 MHz
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However, the whole noise floor has also been amplified and is only 15 to 20 dB different 
from the main signal. It is suggested that after the amplifiers, an adaptive Bandpass 
filter may be used to improve this situation. It was noted that with a 6V supply, the 
output signal level increased a few dBs, resulting in a slight increase in gain.
6.1.2 Amplifier Linearity
As the input signal level is increased to around -80 dBm, second order and third order 
harmonics at 10 and 15 MHz were observed. However, it was the third order harmonic 
that was of real concern. In fact, from figure 6.3b and 6.3c, the third order harmonic had 
a higher signal level than the second order harmonic component. This is basically due to 
the non-linear characteristics of the amplifier. As the amplifier was driven into 
saturation, the fundamental component would reach its maximum level. Further 
increment in input power would only increase the third order harmonic, resulting in 
more intermodulation products being generated. Figure 6.4 shows the non-linear 
characteristics of the cascaded amplifiers and the third order intercept point during 
testing. While, in figure 6.5, a maximum gain of 93 dB is available from the amplifier 
with a 6V supply, an input signal of -110 dBm and a zero AGC voltage. As the 
magnitude of input signal increases, the gain reduced significantly due to non-linear 
characteristic of this Amplifier unit.
A m p l i f ie r  R S 1 6 1 2  T e s t i n g
-
T h i r d  O r d e r  I n t e r c e p t  
p o i n t
S u p p l y  v o l t a g e  6 V
"  A G C  V o l t a g e  0 V # *
_ •  * * •  •  f u n d a m e n t a l
f r e q u e n c y
- T h i r d  O r d e r
n  n  - A O — O— □— O-  - "O
S e c o n d  O r d e r
i i
-90 -80
Input Power (dBm)
Figure 6.4 : Measured linearity characteristic for the cascaded R SI612 amplifier
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In figure 6.6, the AGC characteristics for the cascaded amplifier unit are shown. A fixed 
input signal of -95 dBm was applied. By increasing the AGC voltage on pin 7 of the 
RSI612c I.C. the gain of the Amplifier unit was reduced. As the AGC voltage 
increased from 2 to 3.2 V, the gain reduced nonlinearly from 90 to 35 dB. This non- 
linearity caused different AGC voltages to provide different rates of change in gain. This 
AGC characteristic was split up into 5 regions (shown in figure 6.6). A look-up table 
inside the microcontroller was created and used to implement the AGC loop rather than 
an equation.
6.1.3. A  m plifier  A  G C  Ch aracteristic
figure 6.5 : Amplifier gain vs. input power characteristic.
Table 6.1 shows the regional properties due to the behaviour of the AGC function. Each 
region has its own linear relationship between gain and AGC voltage.
A m p l i f ie r  R S 1 6 1 2  T e s t i n g
100
90
CQ
80C
‘ro
CD 70
60
S u p p l y  v o l t a g e  6 V  
A G C  V o l t a g e  0 V
F u n d a m e n t a l
\ Q r e q u e n c y
-110 -100 -90 -80 -70
Input Power (dBm)
-60
■ .
Gain (dB)AGC voltage (V) Gradient (dB/V)
0 - 2.0
2.0-2.2
2 . 2 - 2 . 5
2 . 8 - 3 . 2 —
Table 6.1 : AGC characteristics
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Figure 6.6 : Observed non-linear AGC characteristic
By sampling the In-phase and Quadrature signals from the demodulator using the two 
ADC’s in the 87C592 Can Microcontroller, the absolute magnitude of the resultant 
signal was calculated. This signal amplitude was then used by the look-up table to 
generate a pulse width modulation (PWM) signal which corresponds to the required 
AGC voltage. The AGC DC voltage was generated by passing the PWM signal through 
a Lowpass filter or integrator. In this way, the gain of the amplifier is controlled.
6.2 D em odu la tor testing
It has been shown that direct conversion means that RF received signals are 
downconverted to a baseband frequency using, in this case, the two AD831 high level 
mixers. The output of both in-phase and quadrature signals can be a DC level, Cos 0 or 
Sin 0 depending on the incoming received signal reflected from the ionosphere. Higher 
frequency components will be removed after passing through the LTC1264-7 Lowpass 
filter in the Demodulator unit, which has a cutoff frequency at 20 kHz. However, it is 
assumed that due to doppler and scattering effects, the received signal maybe non­
coherent. By using the Rotation algorithm [Palmer, 1997] in the demodulator stage, 
coherence for the received signal will be restored. If the phase change 0 is zero, the in- 
phase signal amplitude will have a DC level, and the mean quadrature amplitude will be
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zero. With this information, phase rotation can be produced [Palmer, 1997]. Figure 6.7 
shows the hardware developed for this demodulator unit.
6.2.1 Demodulator Phase testing
The output waveforms of the In-phase and quadrature signals are observed in figure 6.8. 
It was noted that both the output signals were 90° out of phase with each other.
Figure 6.7 : Demodulator unit
311 mVpp
Table 6.2 : Output characteristic of the demodulator
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Figure 6.8 : In-phase and quadrature output waveforms of the demodulator
6.2.2 Demodulator Low Pass Filter
Due to a shortage of signal generators for driving the LTC1264-7 switch capacitor 
lowpass filters, two clock sources were designed and added to the hardware. With a 3.3 
nF capacitor and a 560 Q resistor connected to an 74HC132 inverting schmitt trigger, a 
549.5 kHz clock frequency was generated with a duty cycle of 38.5 %. As the frequency 
divider in the LTC 1264-7 was set at 1:25, the cutoff frequency was therefore around the 
required 20 kHz. However measurements were taken during testing and the results are 
shown in table 6.2. It is observed that when the baseband frequency was increased, the 
output peak to peak voltage actually reduced.
Figure 6.9 shows a picture of the demodulator unit connected to the oscilloscope during 
testing.
Figure 6.9 : A picture o f Demodulator testing
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Figure 6.10 shows the DDS and Microprocessor unit hardware. The output of the two 
DDS units are shown in figure 6.11 and 6.12. The output amplitude of the DDS was set 
by the software to be around -20 dBm in order to match the active mixer in the 
Demodulator unit. It was observed that both the DDS units generated a precise output 
frequency of 5 MHz. Both output signal levels were almost identical as well. The slight 
difference in signal level may be due to insertion loss in the components, connectors and 
cables connected.
6 .3  D D S  a n d  M ic r o - c o n t r o l l e r  t e s t in g
Figure 6.10 : DDS & Microcontroller unit
6.3.1. Data Transfer
With the use of a logic analyser connected to the output data lines of the 87C592 Can 
Microcontroller, the sequences of operations and the transfer of data to both of the 
AD7008 DDS I.C.’s was observed. Figure 6.11, 6.12 and 6.13 show the logic waveforms 
for the software functions set_phase_reg(), set_freq_ddsl(), and set_freq_ddsO(). These 
figures indicate a correct sequence of data transfer. In figure 6.11 it is observed that the 
WR and LOAD1 pulse width were the same. This is due to the logic circuit which is 
designed to prevent unnecessary loading of the data line. Data 0x01 was first loaded into 
the command register of the DDS1 to set the 16 data bit bus. Both chip select line CS1 
and the WR went low. The loadl became high indicating that data was being transfer 
into the DDS. This was followed by two successive WRITE commands and phase offset 
data was written to the phase register of DDS1. However, the loading of the frequency
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setting word (FSW) sequence in the function set_freq_ddsl() and set_freq_ddsO() was 
almost the same as the set_phase_reg() function, except that a different data register is 
used in the DDS. Lastly, in figure 6.13, both DDS units would transfer the 32-bit FSW 
from their parallel register to the frequency register, without being chip-selected. 
Although some glitches were observed in the logic waveforms, the operation of data 
transfer was unaffected. Therefore, the correct data sequences were observed in the logic 
waveforms generated by the Logic Analyser which indicates that both the 
microcontroller and the software were functioning correctly.
Figure 6.11 : set_phase_reg() function
Figure 6.12 : set_freq_ddsl() function
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Figure 6.13 : set_freq_ddsO() function
6.3.2. DDS Output Characteristics
Some spurious outputs were observed by the Spectrum Analyser. This may be due to 
amplitude truncation exacerbated by the DAC non-linearity and glitches in the DDS. As 
there is only a finite number of voltage levels available from the DAC of the DDS to 
represent a sinewave, some quantisation errors are expected. However, these 
quantisation errors can be suppressed by hard-limiting. By assuming a perfectly linear 
glitch-free DAC in the DDS, the signal to quantisation noise power can be expressed as 
(1.8 + 6D) dB where D is the number of bits of the DAC [Hickman, 1992]. While, the 
noise power density is -(1.8 + 6D + 10 log W) dBc/Hz where W is the Nyquist 
bandwidth of FCL0CK/2. For the AD7008 DDS, D is 10 bits long and therefore, the signal 
to quantisation noise power and noise power density will be 61.8 dB and -130.5 dBc/Hz 
respectively.
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Figure 6.14 : Output spectrum of DDSO
The output frequency (Fo) from the AD7008 DDS is described in section 4.1.2, by 
means of equation 4.5 which is reproduced below.
FcFp APhase x FCI (K ,K 
Fo = — rr-  =  Tv :----
Figure 6.15 : Output spectrum of DDS 1
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Figure 6.16 : Image component in DDS output
As the output frequency is increased, the number of samples per sinusoid decreases. The 
maximum DDS fundamental output frequency is Fclock/2. In this test implementation 
it is set to 7MHz. If the output frequency is near to this maximum output, it is very 
unlikely to filter out this image response. However, with the output frequency set at 5 
MHz, this Image response will occur at:
F i m a g e  =  (P x  F c l o c k  — F o u t )  where P = 0 , 1, 2 , . .  .etc.
= (1 x 14.7456 MHz - 5 MHz)
= 9.7456 MHz.
An image frequency component at 9.76 MHz was observed in figure 6.16. The measured 
frequency of the image component is quite close to the theoretical frequency calculated 
above. It could not be filtered out by the fifth order lowpass filter which was designed to
cutoff at 7 MHz. This is due to the roll-off frequency characteristic (low Q) of the filter.
The amplitude of the image response was -32.5 dBm and it decreased according to 
Sinx/x.
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Figure 6.17 : Output waveform of a DDS at 5 MHz.
The output waveform of the DDS is recorded in figure 6.17. and appears distorted. The 
most likely cause of this is due to phase truncation which defines the finite number of 
phase steps available to represent the sinewave. Spurs caused by phase truncation 
introduce jitter into the output waveform. This can be regard as time (and hence phase) 
displacement in the zero crossing of the fundamental component of the wanted 
frequency. The resultant phase modulation appears as a PM sideband or spur.
No phase truncation will occur when the phase increment sent to the ROM is the same 
for each and every cycle of the output so that the sinewave samples are equally spaced. 
However, this can only be achieved by using “good” frequencies which are (FCLOCK/2), 
(Fclock/4)> (Fclock/8), (Fclock/ 16) etc. “Bad” frequencies cause an internal carry in the 
adder which will mean that the phase will advance a certain amount for each clock cycle. 
This change in phase will cause jitter and hence amplitude distortion. Even though the 
waveform was distorted the DDS was still considered to produce an acceptable 
sinewave.
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Figure 6.18 and 6.19 below are images taken during the testing of the whole Sounder 
Core Subsystem (SCS). An RF signal generator was used as an input to the amplifier 
unit during these tests.
Figure 6.18 : Integration of all units in SCS
Figure 6.19 : Set up showing all the equipment used during testing.
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6.3.3 S C S  Test a n d  D esign pow er consum ption.
Table 6.3 : Power Consumption of Sounder Core Subsystem (SCS)
* Higher power level required at the higher design frequency of 15 MHz.
Table 6.3 shows the power consumption for the Sounder Core Subsystem compared with 
the system design specification. Varying the AGC voltage of the RSI 612 amplifier unit, 
the power consumption varied. With no AGC voltage the current drawn was only 9 to 11 
mA. Also, higher power was consumed in the DDS and Microcontroller unit when the 
input signal was increased in amplitude. Together, the whole SCS consumed a total of 
3.09 W which is quite close to the expected system design power level of 3.25 watts 
[Palmer 1997].
Due to time constraints, the AGC function for the Sounder subsystem has been 
developed but not tested before writing up this thesis. However, if time permits, the 
investigation of this AGC loop will be resumed.
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